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SYSTEM AND METHOD OF COMPUTING AND RENDERING THE NATURE OF 
POLYATOMIC MOLECULES AND POLYATOMIC MOLECULAR IONS 

This application claims priority to U.S. Application Nos.: 60/730,882, filed October 28, 
5 2005; 60/732,154, filed November 2, 2005; 60/737,744, filed November 18, 2005; 

60/758,528, filed January 13, 2006; 60/780,518, filed March 9, 2006; 60/788,694, filed April 
4, 2006; 60/812,590, filed June 12, 2006; and 60/815,253, June 21, 2006, the complete 
disclosures of which are incorporated herein by reference. 

10 Field of the Invention: 

This invention relates to a system and method of physically solving the charge, mass, 
and current density functions of jtolyatomic molecules, polyatomic molecular' ions, didtomic 
molecules, molecular radicals, molecular ions, or any portion of these species, and computing 
and rendering the nature of these species using the solutions. The results can be displayed on 

1 5 visual or graphical media. The displayed information provides insight into the nature of these 
species and is useful to anticipate their reactivity, physical properties, and spectral absorption 
and emission, and permits the solution and display of other species. 

Rather than using postulated unverifiable theories that treat atomic particles as if they 
were not real, physical laws are now applied to atoms and ions. In an attempt to provide 

20 some physical insight into atomic problems and starting with the same essential physics as 
Bohr of the e~ moving in the Coulombic field of the proton with a true wave equation, as 
opposed to the diffusion equation of Schrodinger, a classical approach is explored which 
yields a model that is remarkably accurate and provides insight into physics on the atomic 
level The proverbial view deeply seated in the wave-particle duality notion that there is no 

25 large-scale physical counterpart to the nature of the electron is shown notto be correct. 
Physical laws and intuition may be restored when dealing with the wave equation and 
quantum atomic problems. 

Specifically, a theory of classical quantum mechanics (CQM) was derived from first 
principles as reported previously [reference Nos. 1-8] that successfully applies physical laws 

30 to the solution of atomic problems that has its basis in a breakthrough in the understanding of 
the stability of the bound electron to radiation. Rather than using the postulated Schrodinger 
boundary condition: nx ¥ -> 0 as r oo", which leads to a purely mathematical model of the 
electron, the constraint is based on experimental observation. Using Maxwell's equations, the 
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classical wave equation is solved with the constraint that the bound n = 1 -state electron 
cannot radiate energy. Although it is well known that an accelerated point particle radiates, 
an extended distribution modeled as a superposition of accelerating charges does not have to 
radiate. A simple invariant physical model arises naturally wherein the predicted results are 
5 extremely straightforward and internally consistent requiring minimal math, as in the case of 
the most famous equations of Newton, Maxwell, Einstein, de Broglie, and Planck on which 
the model is based. No new physics is needed; only the known physical laws based on direct 
observation are used. 

Applicant's previously filed WO2005/067678 discloses a method and system of 

10 physically solving the charge, mass, and current density functions of atoms and atomic ions 
and computing and rendering , the nature of these species using the solutions. The complete 
disclosure of this published PCT application is incorporated herein by reference. 

Applicant's previously filed WO2Q05/1 16630 discloses a method and system of 
physically solving the charge, mass, and current density functions of excited states of atoms 

1 5 and atomic ions and computing and rendering the nature of these species using the solutions. 
The complete disclosure of this published PCT application is incorporated herein by 
reference. 

Applicant's previously filed U.S. Published Patent Application No. 20050209788A1, 
relates to a method and system of physically solving the charge, mass, and current density 
20 functions of hydrogen-type molecules and molecular ions and computing and rendering the 
nature of the chemical bond using the solutions. The complete disclosure of this published 
application is incorporated herein by reference. 

Background of the Invention 

25 The old view that the electron is a zero or one-dimensional point in an all-space 

probability wave function *P(x) is not taken for granted. The theory of classical quantum 
mechanics (CQM), derived from first principles, must successfully and consistently apply 
physical laws on all scales [1-8]. Stability to radiation was ignored by all past atomic models. 
Historically, the point at which QM broke with classical laws can be traced to the issue of 

30 nonradiation of the one electron atom. Bohr just postulated orbits stable to radiation with the 
further postulate that the bound electron of the hydrogen atom does not obey Maxwell's 
equations — rather it obeys different physics [1-12]. Later physics was replaced by "pure 
mathematics" based on the notion of the inexplicable wave-particle duality nature of electrons 
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which lead to the SchrSdinger equation wherein the consequences of radiation predicted by 
Maxwell's equations were ignored. Ironically, Bohr, Schrodinger, and Dirac used the 
Coulomb potential, and Dirac used the vector potential of Maxwell's equations. But, all 
ignored electrodynamics and the corresponding radiative consequences. Dirac originally 

5 attempted to solve the bound electron physically with stability with respect to radiation 
according to Maxwell's equations with the further constraints that it was relativistically 
invariant and gave rise to electron spin [13]. He and many founders of QM such as 
Sommerfeld, Bohm, and Weinstein wrongly pursued a planetary model, were unsuccessful, 
and resorted to the current mathematical-probability-wave model that has many problems [9- 

10 16], Consequently, Feynman for example, attempted to use first principles including 
Maxweirs : equatiqns to discover new physics to replace quantum mechanics [17]- . 

Physical laws may indeed be the root of the observations thought to be "purely 
quantum mechanical", and it was a mistake to make the assumption that Maxwell's 
electrodynamic equations must be rejected at the atomic level. Thus, in the present approach, 

15 the classical wave equation is solved with the constraint that a bound n = 1 -state electron 
cannot radiate energy. 

Herein, derivations consider the electrodynamic effects of moving charges as well as 
the Coulomb potential, and the search is for a solution representative of the electron wherein 
there is acceleration of charge motion without radiation. The mathematical formulation for 

20 zero radiation based on Maxwell's equations follows from a derivation by Haus [18]. The 
function that describes the motion of the electron must not possess spacetime Fourier 

* * * 

components that are synchronous with waves traveling at the speed of light. Similarly, 
nonradiation is demonstrated based on the electron's electromagnetic fields and the Poynting 
power vector. 

25 It was shown previously [1-8] that CQM gives closed form solutions for the atom 

including the stability of the n = 1 state and the instability of the excited states, the equation 
of the photon and electron in excited states, and the equation of the free electron and photon, 
which predict the wave particle duality behavior of particles and light. The current and 
charge density functions of the electron may be directly physically interpreted. For example, 

30 spin angular momentum results from the motion of negatively charged mass moving 

systematically, and the equation for angular momentum, r x p, can be applied directly to the 
wave function (a current density function) that describes the electron. The magnetic moment 
of a Bohr magneton, Stern Gerlach experiment, g factor, Lamb shift, resonant line width and 
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shape, selection rules, correspondence principle, wave particle duality, excited states, reduced 
mass, rotational energies, and momenta, orbital and spin splitting, spin-orbital coupling, 
Knight shift, and spin-nuclear coupling, and elastic electron scattering from helium atoms, are 
derived in closed-form equations based on Maxwell's equations. The calculations agree with 
5 experimental observations. 

The Schrodinger equation gives a vague and fluid model of the electron. Schrtf dinger 
interpreted * (xy¥(x) as the charge-density or the amount of charge between x and 
x + dx (*F * is the complex conjugate of W ). Presumably, then, he pictured the electron to 
be spread over large regions of space. After Schrodinger' s interpretation, Max Born, who 
1 0 was working with scattering theory, found that this interpretation led to inconsistencies, and 
he replaced the Schx6dinger interpretation with the probability of finding the electron 

■ 

between, x and x -h dx as 

lW(x/¥*(x)dx (1) 

Born's interpretation is generally accepted. Nonetheless, interpretation of the wave function 

15 is a never-ending source of confusion and conflict Many scientists have solved this problem 
by conveniently adopting the Schrodinger interpretation for some problems and the Born 
interpretation for others. This duality allows the electron to be everywhere at one time — yet 
have no volume. Alternatively, the electron can be viewed as a discrete particle that moves 
here and there (from r = Q to r = oo), and 4^ * gives the time average of this motion. 

20 In contrast to the failure of the Bohr theory and the nonphysical, adjustable-parameter 

approach of quantum mechanics, multielectron atoms [1, 4] and the nature of the chemical 
bond [1, 5] are given by exact closed-form solutions containing fundamental constants only. 
Using the nonradiative wave equation solutions that describe the bound electron having 
conserved momentum and energy, the radii are determined from the force balance of the 

25 electric, magnetic, and centrifugal forces that corresponds to the minimum of energy of the 
system. The ionization energies are then given by the electric and magnetic energies at these 
radii. The spreadsheets to calculate the energies from exact solutions of one through twenty- 
electron atoms are given in '06 Mills GUT [1] and are available from the internet [19]. For 
400 atoms and ions, as well as hundreds of molecules, the agreement between the predicted 

30 and experimental results is remarkable. 

The background theory of classical quantum mechanics (CQM) for the physical 
solutions of atoms and atomic ions is disclosed in R. Mills, The Grand Unified Theory of 
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Classical Quantum Mechanics, January 2000 Edition, BlackLight Power, Inc., Cranbury, 
New Jersey, (" '00 Mills GUT"), provided by BlackLight Power, Inc., 493 Old Trenton Road, 
Cranbury, NJ, 08512; R. Mills, The Grand Unified Theory of Classical Quantum Mechanics, 
September 2001 Edition, BlackLight Power, Inc., Cranbury, New Jersey, Distributed by ' 
5 Amazon.com (" '01 Mills GUT"), provided by BlackLight Power, Inc., 493 Old Trenton 
Road, Cranbury, NJ, 08512; R Mills, The Grand Unified Theory of Classical Quantum 
Mechanics, July 2004 Edition, BlackLight Power, Inc., Cranbury, New Jersey, (" '04 Mills 
GUT"), provided by BlackLight Power, Inc., 493 Old Trenton Road, Cranbury, NJ, 08512; R 
Mills, The Grand Unified Theory of Classical Quantum Mechanics, January 2005 Edition, 
' 1 0 BlackLight Power, Inc., Cranbury, New Jersey, (" '05 Mills GUT"), provided by BlackLight 
Power, Inc., 493 Old Trenton Road, Cranbury, N J, 085 1 2 (posted at 
www.blacklightpower.com) ; R L. Mills, "The Grand Unified Theory of Classical Quantum 
Mechanics", June 2006 Edition, Cadmus Professional Communications-Science Press 
Division, Ephrata, PA, ISBN 0963517171, Library of Congress Control Number 
1 5 2005936834, (" '06 Mills GUT'), provided by BlackLight Power, Inc., 493 Old Trenton 
Road, Cranbury, NJ, 085 1 2 (posted at 

htt p://www.blacklightpower.con^ookdownload.shtml) : in prior PCT applications 
PCT/US02/35872; PCT/US02/06945; PCT/US02/06955; PCTAJS01/09055; PCT/US01/ 
25954; PCT/US00/20820; PCT/US00/20819; PCT/USOO/09055; PCT/US99/17171; 

20 PCT/US99/17129; PCT/US 98/22822; PCT/US98/14029; PCT/US96/07949; 

PCTAJS94/02219; PCT/US91/08496; PCT/US90/01998; and PCT/US89/05037 and U.S. 
Patent No. 6,024,935; the entire disclosures of which are all incorporated herein by reference 
(hereinafter "Mills Prior Publications"). 

The following list of references, which are also incorporated herein by reference in 

25 their entirety, are referred to in the above sections using [brackets]: 



1. R. L. Mills, "The Grand Unified Theory of Classical Quantum Mechanics", June 2006 
Edition, Cadmus Professional Communications-Science Press Division, Ephrata, PA, 
ISBN 0963517171, Library of Congress Control Number 2005936834; posted at 

30 http://www.blackli ghtpower.com/bookdownload.shtml . 

2. R. L. Mills, "Classical Quantum Mechanics", Physics Essays, Vol. 16, No. 4, December, 
(2003), pp. 433-498; posted with spreadsheets at 
www.blacklightpower.com/techpapers.shtml. 
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3. R. Mills, "Physical Solutions of the Nature of the Atom, Photon, and Their Interactions to 
Form Excited and Predicted Hydrino States", submitted. 

4. R. L. Mills, "Exact Classical Quantum Mechanical Solutions for One- Through Twenty- 
Electron Atoms", in press, posted with spreadsheets at 

5 http://www.blackli^itpower.com/techpapers.shtml. 

5. R. L. Mills, "The Nature of the Chemical Bond Revisited and an Alternative Maxwellian 
Approach", Physics Essays, Vol. 17, (2004), pp. 342-389, posted with spreadsheets at 
http://www.blacklightpower.com/techpapers.shtml. 

6. R. L. Mills, "Maxwell's Equations and QED: Which is Fact and Which is Fiction", in 
10 press, posted with spreadsheets at http://www.blacklightpower.com/techpapers.shtml. 

7. R. L. Mills, . "Exact Classical Quantum Mechanical Solution for Atomic Helium Which 
Predicts Conjugate Parameters from a Unique Solution for the First Time", submitted, 
posted with spreadsheets at ht^://www.blacklightpower.com/theoiy/theoiy.shtml.. 

8. R. Mills, "The Grand Unified Theory of Classical Quantum Mechanics", Int. J. Hydrogen 
1 5 Energy, Vol. 27, No. 5, (2002), pp. 565-590. 

9. R. L. Mills, "The Fallacy of Feynman's Argument on the Stability of the Hydrogen Atom 
According to Quantum Mechanics", Annales de la Fondation Louis de Broglie, Vol. 30, 
No. 2, (2005), pp. 129-151, posted at http://www.blacklightpower.com/techpapers.shtml. 

10. R. Mills, The Nature of Free Electrons in Superfluid Helium — a Test of Quantum 
20 Mechanics and a Basis to Review its Foundations and Make a Comparison to Classical 

Theory, Int J. Hydrogen Energy, Vol. 26, No. 10, (2001), pp. 1059-1096. 

1 1. R. Mills, "The Hydrogen Atom Revisited", Int. J. of Hydrogen Energy, Vol. 25, Issue 12, 
December, (2000), pp. 1171-1183. 

12. F. Lalog, Do we really understand quantum mechanics? Strange correlations, paradoxes, 
25 and theorems, Am. J. Phys. 69 (6), June 2001 , 655-701 . 

13. P. Pearle, Foundations of Physics, "Absence of radiationless motions of relativistically 
rigid classical electron", Vol. 7, Nos. 1 1/12, (1977), pp. 931-945. 

14. V. F. Weisskopf, Reviews of Modern Physics, Vol. 21, No. 2, (1949), pp. 305-315. 

15. H. Wergeland, "The Klein Paradox Revisited", Old and New Questions in Physics, 
30 Cosmology, Philosophy, and Theoretical Biology, A. van der Merwe, Editor, Plenum 

Press, New York, (1983), pp. 503-515. 

16. A. Einstein, B. Podolsky, N. Rosen, Phys. Rev., Vol 47, (1935), p. 777. 

17. F. Dyson, "Feynman's proof of Maxwell equations", Am. J. Phys., Vol. 58, (1990), pp. 
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18. Haus, H. A., "On the radiation from point charges", American Journal of Physics, 54, 
(1986), pp. 1126-1129. 

19. h%://www.blacklightpower.com/new.shtml. 

5 

SUMMARY OF THE INVENTION 

The present invention, an exemplary embodiment of which is also referred to as 

■ 

Millsian software, stems from a new fundamental insight into the nature of the atom. 
Applicant's new theory of Classical Quantum Mechanics (CQM) reveals the nature of atoms 

10 and molecules using classical physical laws for the first time. As discussed above, traditional 
quantum mechanics can solve neither multi-electron atoms nor molecules exactly. By 
contrast, CQM produces exact, closed-form solutions containing physical constants only for 
even the most complex atoms and molecules. 

The present invention is the first and only molecular modeling program ever built on 

15 the CQM framework. All the major functional groups that make up most organic molecules 
have been solved exactly in closed-form solutions with CQM. By using these functional 
groups as building blocks, or independent units, a potentially infinite number of organic 
molecules can be solved. As a result, the present invention can be used to visualize the exact 
3D structure and calculate the heat of formation of almost any organic molecule. 

20 For the first time, the significant building-block molecules of chemistry have been 

successfully solved using classical physical laws in exact closed-form equations having 
fundamental constants only. The major functional groups have been solved from which 
molecules of infinite length can be solved almost instantly with a computer program. The 
predictions are accurate within experimental error for over 375 exemplary molecules. 

25 Applicant's CQM is the theory that physical laws (Maxwell's Equations, Newton's 

Laws, Special and General Relativity) must hold on all scales. The theory is based on an often 
overlooked result of Maxwell's Equations, that an extended distribution of charge may, under 
certain conditions, accelerate without radiating. This "condition of no radiation" is invoked to 
solve the physical structure of subatomic particles, atoms, and molecules. 

30 In exact closed-form equations with physical constants only, solutions to thousands of 

known experimental values arise that were beyond the reach of previous outdated theories. 
These include the electron spin, g-factor, multi-electron atoms, excited states, polyatomic 
molecules, wave-particle duality and the nature of the photon, the masses and families of 
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fundamental particles, and the relationships between fundamental laws of the universe that 
reveal why the universe is accelerating as it expands. CQM is successful to over 85 orders of 
magnitude, from the level of quarks to the cosmos. Applicant now has over 65 peer-reviewed 
journal articles and also books discussing the CQM and supporting experimental evidence. 
5 The molecular modeling market was estimated to be a two-billion-dollar per year 

industry in 2002, with hundreds of millions of government and industry dollars invested in 
computer algorithms and supercomputer centers. This makes it the largest effort of 
computational chemistry and physics. 

The present invention's advantages over other models includes: Rendering true 
10 molecular structures; Providing precisely all characteristics, spatial and temporal charge 
distributions and energies of every electron in every bond, and of every bonding atom; 
Facilitating the identification of biologically active sites in drugs; and Facilitating drug 
design. 

An objective of the present invention is to solve Hie charge (mass) and current-density 
15 functions of polyatomic molecules, polyatomic molecular ions, diatomic molecules, 

molecular radicals, molecular ions, or any portion of these species from first principles. In an 
embodiment, the solution for the polyatomic molecules, polyatomic molecular ions, diatomic 

» 

molecules, molecular radicals, molecular ions, or any portion of these species is derived from 
Maxwell's equations invoking the constraint that the bound electron before excitation does 

20 not radiate even though it undergoes acceleration. 

Another objective of the present invention is to generate a readout, display, or image 
of the solutions so that the nature of polyatomic molecules, polyatomic molecular ions, 
diatomic molecules, molecular radicals, molecular ions, or any portion of these species be 
better understood and potentially applied to predict reactivity and physical and optical 

25 properties. 

Another objective of the present invention is to apply the methods and systems of 
solving the nature of polyatomic molecules, polyatomic molecular ions, diatomic molecules, 

» 

molecular radicals, molecular ions, or any portion of these species and their rendering to 
numerical or graphical form to all atoms and atomic ions. 
30 These objectives and other objectives are obtained by a system of computing and 

rendering the nature of at least one specie selected from a group of diatomic molecules 
having at least one atom is other than hydrogen, polyatomic molecules, molecular ions, 
polyatomic molecular ions, or molecular radicals, or any functional group therein, comprising 
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physical, Maxwellian solutions of charge, mass, and current density functions of said specie, 
said system comprising processing means for processing physical, Maxwellian equations 
representing charge, mass, and current density functions of said specie; and an output device 
in communication with the processing means for displaying said physical, Maxwellian 
5 solutions of charge, mass, and current density functions of said specie. 

Also provided is a composition of matter comprising a plurality of atoms, the 
improvement comprising a novel property or use discovered by calculation of at least one of 
a bond distance between two of the atoms, a bond angle between three of the atoms, and 
a bond energy between two of the atoms, orbital intercept distances and angles,charge-density 

1 0 functions of atomic, hybridized, and molecular orbitals, the bond distance, bond angle, and 
bond energy being calculated from physical solutions of the charge, mass, and current density 
functions of atoms and atomic ions, which solutions are derived from Maxwell's equations 
using a constraint that a bound electron(s) does not radiate under acceleration. 

The presented exact physical solutions for known species of the group of polyatomic 

1 5 molecules, polyatomic molecular ions, diatomic molecules, molecular radicals, molecular 
ions, or any functional group therein, can be applied to other species. These solutions can be 
used to predict the properties of other species and engineer compositions of matter in a 
manner which is not possible using past quantum mechanical techniques. The molecular 
solutions can be used to design synthetic pathways and predict product yields based on 

20 equilibrium constants calculated from the heats of formation. Not only can new stable 
compositions of matter be predicted, but now the structures of combinatorial chemistry 
reactions can be predicted- 
Pharmaceutical applications include the ability to graphically or computationally 
render the structures of drugs that permit the identification of the biologically active parts of 

25 the specie to be identified from the common spatial charge-density functions of a series of 
active species. Novel drugs can now be designed according to geometrical parameters and 
bonding interactions with the data of the structure of the active site of the drug. 

The system can be used to calculate conformations, folding, and physical properties, 
and the exact solutions of the charge distributions in any given specie are used to calculate the 

30 fields. From the fields, the interactions between groups of the same specie or between groups 
on different species are calculated wherein the interactions are distance and relative 
orientation dependent. The fields and interactions can be determined using a finite-element- 
analysis approach of Maxwell's equations. 

* * * * 
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Embodiments of the system for performing computing and rendering of the nature of 
the polyatomic molecules, polyatomic molecular ions, diatomic molecules, molecular 
radicals, molecular ions, or any portion of these species using the physical solutions may 
comprise a general purpose computer. Such a general purpose computer may have any 
5 number of basic configurations. For example, such a general purpose computer may 
comprise a central processing unit (CPU), one or more specialized processors, system 
memory, a mass storage device such as a magnetic disk, an optical disk, or other storage 
device, an input means, such as a keyboard or mouse, a display device, and a printer or other 
output device. A system implementing the present invention can also comprise a special 
10 purpose computer or other hardware system and all should be included within its scope. 

Although not preferred, any of the calculated and measured values and constants 
recited in the equations herein can .be adjusted, for example, up to + 10%, if desired. 

BRIEF DESCRIPTION OF THE DRAWINGS 

15 

Fig. 1 illustrates an elliptical current element of the prolate spheroidal MO; 

Fig. 2 illustrates the ellipsoidal current-density surface obtained by stretching I^ 0 (0,^) along 

the semimajor axis; 
Fig. 3 illustrates the angular momentum components of the MO and S ; 
20 Fig. 4 illustrates cross section of an atomic orbital; 
Fig. 5 illustrates A. Prolate spheroid MO; 

Fig. 6 illustrates the equilateral triangular H^(l/p); 
Fig. 7 illustrates the cross section of the OH MO; 

Fig. 8 illustrates OH MO comprising the superposition of the H 2 -type ellipsoidal MO and 
25 the 02 p y AO with a relative charge-density of 0.75 to 1 .25; 

Fig. 9 illustrates H 2 0 MO comprising the linear combination of two O- H -bond MOs; 
Fig. 10 illustrates the cross section of the NH MO showing the axes, angles, and point of 
intersection of the i/ 2 -type ellipsoidal MO with the N2p x AO; 

Fig. 1 1 illustrates NH MO comprising the superposition of the # 2 -type ellipsoidal MO and 
30 the N2 p x AO with a relative charge-density of 0.75 to 1 .25; 

Fig. 12 illustrates NH 2 MO comprising the linear combination of two N - H -bond MOs; 
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Fig. 13 illustrates NH 3 MO comprising the linear combination of three N-H -bonds; 
Fig. 14 illustrates the cross section of the CH MO showing the axes, angles, and point of 

intersection of the i* 2 -iype ellipsoidal MO with the C2sp* HO; 
Fig. 15 illustrates CH MO comprising the superposition of the if 2 -type ellipsoidal MO and 
5 the C2sp* HO with a relative charge-density of 0.75 to 1.25; 

Fig. 16 illustrates CH Z MO comprising the linear combination of two C - H -bond MOs; 
Fig. 17 illustrates CH 3 MO comprising the linear combination of three C-H -bond MOs; 
Fig. 18 illustrates CH 4 MO comprising the linear combination of four C-H -bond MOs 

■ 

w 

formed by the superposition of a H 2 -type ellipsoidal MO and a C2sp* HO; 
10 Fij*. i9 illustrates the cross section of the N 2 MO; 

Fig. 20 illustrates N 2 MO comprising the a MO ( tf 2 -type MO) wM* N atoms at the foci; 

Fig. 21 illustrates the cross section of the 0 2 MO; 

Fig. 22 illustrates 0 2 MO comprising the cr MO (i/ 2 -type MO); 

Fig. 23 illustrates the cross section of the F 2 MO; 
1 5 Fig. 24 illustrates F 2 MO comprising the a MO ( H 2 -type MO) with F atoms at the foci; 

Fig. 25 illustrates the cross section of the Cl 2 MO; 

■ • 

Fig. 26 illustrates Cl 2 MO comprising the superposition of the i/ 2 -type ellipsoidal MO arid 

the two CBsp 3 HOs; 
Fig. 27 illustrates the cross section of the CAT MO; 

« 

20 Fig. 28 illustrates CN MO; 

Fig. 29 illustrates the cross section of the CO MO; 

Fig. 30 illustrates CO MO; 

Fig. 31 illustrates the cross section of the NO MO; 

Fig. 32 illustrates NO MO; 
25 Fig. 33 illustrates the cross section of the C0 2 MO; 

Fig. 34 illustrates C0 2 MO; 

Fig. 35 illustrates the cross section of the M9 2 MO; 

* 

Fig. 36 illustrates N0 2 MO; 

Fig. 37 illustrates the cross section of the C-C-bond MO (cr MO) and one C-H -bond 
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MO of ethane; 

Fig. 38 illustrates the cross section of one C - H -bond MO of ethane showing the axes, 

angles, and point of intersection of the H 2 -type ellipsoidal MO with the C ethane 2sp 2 

HO; 

5 Fig. 39 illustrates CH 3 CH 3 MO comprising the linear combination of two sets of three 

C-H -bond MOs and a C - C -bond MO; 
Fig. 40 illustrates the cross section of the C = C -bond MO (cr MO) and one C - //-bond 
MO of ethylene showing the axes, angles, and point of intersection of each H 2 -type 

ellipsoidal MO with the corresponding C ethyIem 2sp 3 HO; 

1 0 Fig. 4 1 illustrates the cross section of one C - H -bond MO of ethylene showing the axes, 

angles, and point of intersection of the H 2 -type ellipsoidal MO with the C eJfvlene 2sp 

HO; 

Fig. 42 illustrates CH 2 CH 2 MO comprising the linear combination of two sets of two 

C - H -bond MOs and a C = C -bond MO; 
1 5 Fig. 43 illustrates the cross section of the C = C -bond MO ( a MO) and one C - H -bond 

MO of acetylene showing the axes, angles, and point of intersection of each H 2 -type 

ellipsoidal MO with the corresponding C acetylene 2sp 3 HO; 

Fig. 44 illustrates CHCH MO comprising the linear combination of two C - H -bond MOs 
and a C = C -bond MO; 

■ 

20 Fig. 45 illustrates the cross section of one C = C -bond MO (cr MO) and one C-H -bond 

» - 

MO pf benzene showing the axes, angles, and point of intersection of each H 2 -type 

ellipsoidal MO with the corresponding C benzene 2sp* HO; 
Fig. 46 illustrates the cross section of one C - H -bond MO of benzene showing the axes, 
angles, and point of intersection of the H 2 -type ellipsoidal MO with the C benzene 2sp* 

25 HO; 

Fig. 47 illustrates C 6 H 6 MO comprising the linear combination of six sets of C - H -bond 

9 

MOs bridged by C = C -bond MOs; 
Fig. 48 illustrates the cross section of one C - C -bond MO ( cr MO) and one C-H -bond 
MO of C„H 2n+2 showing the axes, angles, and point of intersection of each i/ 2 -type 

30 ellipsoidal MO with the corresponding C dkam 2sp* HO; 
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Fig. 49 illustrates the cross section of one C - H -bond MO of C n H 2n¥2 showing the axes, 
angles, and point of intersection of the H 2 -type ellipsoidal MO with the C albme 2sp* 
HO; 

Fig. 50 illustrates C 3 H 8 MO comprising a linear combination of C - if -bond MOs and 

5 C - C -bond MOs of the two methyl groups and one methylene group; 

Fig. 51 illustrates C 4 H lQ MO comprising a linear combination of C-H -bond MOs and 

C - C -bond MOs of the two methyl and two methylene groups; 
Fig. 52 illustrates C 5 H l2 MO comprising a linear combination of C-H -bond MOs and 

C-C -bond MOs of the two methyl and three methylene groups; 
10 Fig. 53 illustrates C 6 H l4 MO comprising a linear combination of C-H -bond MOs and 

C-C -bond MOs of the two methyl and four methylene groups; 

*■ * * • ■ ' • ' 

Fig. 54 illustrates C 1 H l6 MO comprising a linear combination of C-H -bond MOs and 

C-C -bond MOs of the two methyl and five methylene groups; 
Fig. 55 illustrates C^H^ MO comprising a linear combination of C-H -bond MOs and 

15 C-C -bond MOs of the two methyl and six methylene groups; 

* 

Fig. 56 illustrates C 9 H 20 MO comprising a linear combination of C-H -bond MOs and 

C-C -bond MOs of the two methyl and seven methylene groups. (A) Opaque view 
of the charge-density of the C - C -bond and C-H -bond MOs; 
Fig. 57 illustrates C^H^ MO comprising a linear combination of C - //-bond MOs and 

* 

20 C-C -bond MOs of the two methyl and eight methylene groups; 

Fig. 58 illustrates C H if 24 MO comprising a linear combination of C-H -bond MOs and 

C-C -bond MOs of the two methyl and nine methylene groups; 
Fig. 59 illustrates C n H 26 MO comprising a linear combination of C-H -bond MOs and 

C-C -bond MOs of the two methyl and ten methylene groups; 
25 Fig. 60 illustrates C n H 3B MO comprising a linear combination of C- H -bond MOs and 

C-C -bond MOs of the two methyl and sixteen methylene groups; 
Fig. 61. A illustrates 1,3 Butadiene; 
Fig. 61.B illustrates 1,3 Pentadiene; 
Fig. 61.C illustrates 1,4 Pentadiene; 
30 Fig. 61.D illustrates 1,3 Cyclopentadiene; 



WO 2007/051078 



14 



PCT/US2006/042692 



Fig. 6 IE illustrates Cyclopentene; 

Fig. 62 illustrates Naphthalene; 

Fig. 63 illustrates Toluene; 

Fig. 64 illustrates Benzoic acid; 
5 Fig. 65 illustrates Pyrrole; 

Fig. 66 illustrates Furan; 

Fig. 67 illustrates Thiophene; 

Fig. 68 illustrates Imidazole; 

Fig, 69 illustrates Pyridine; 
1 0 Fig. 70 illustrates Pyrimidine; 

Fig. 7Mllustrates Pyrazine; 

Fig. 72 illustrates Quinoline;, 

Fig. 73 illustrates Isoquinoline; 

Fig. 74 illustrates Indole; 
1 5 Fig. 75 illustrates Adenine; 

Fig. 76 illustrates a block diagram of an exemplary software program; and 

Figs. 77 and 78 illustrate pictures of an exemplary software program. 



25 



30 



35 
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Section I 

. THE NATURE OF THE CHEMICAL BOND 
OF HYDROGEN-TYPE MOLECULES 
AND MOLECULAR IONS 



With regard to the Hydrino Theory — BlackUght Process section, the possibility of states with 
n = 1 / p is also predicted in the case of hydrogen molecular species wherein if (l / p) reacts 

a proton or two H(l/p) atoms react to form H^(\/p) and H 2 (\/ p), respectively. The 

natural molecular-hydrogen coordinate system based on symmetry is ellipsoidal coordinates. 
10 The magnitude of the central field in the derivations of molecular hydrogen species is taken 
as the general parameter p wherein p may be an integer which may be predictive of new 

possibilities. Thus, p replaces the effective nuclear charge of quantum mechanics and 

corresponds to the physical field of a resonant photon superimposed with the field of the 
proton. The case with p = 1 is evaluated and compared with the experimental results for 

15 hydrogen species in Table 11.1, and the consequences that p = integer are considered in the 

Nuclear Magnetic Resonance Shift section. 

r 

Two hydrogen atoms react to form a diatomic molecule, the hydrogen molecule. 
2H[a H }-*H 2 \2c' = yl2ct 0 ~\ (11.1) 

where 2c' is the intemuclear distance. Also, two hydrino atoms react to form a diatomic 
20 molecule, a dihydrino molecule. 



2H 



a 



H 



P J 



2c* = 



(11.2) 



where p is an integer. 



Hydrogen molecules form hydrogen molecular ions when they are singly ionized. 
H 2 [2c* = j2a 0 ]^H 2 [2c* = 2a 0 f +e- ' (11.3) 



25 Also, dihydrino molecules form dihydrino molecular ions when they are singly ionized. 



2c* = — ° 
P 



' 2c ' = T-J +e - 



(11.4) 
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HYDROGEN-TYPE MOLECULAR IONS 

Each hydrogen-type molecular ion comprises two protons and an electron where the equation 
of motion of the electron is determined by the central field which is p times that of a proton 

at each focus (p is one for the hydrogen molecular ion, and p is an integer greater than one 

5 for each H$ (1/ p), called dihydrino molecular ion). The differential equations of motion in 

the case of a central field are [1] 

m(r-r6 2 ) = f(r) (11.5) 

m(2r& + r0) = 0 (11.6) 
The second or transverse equation, Eq. (11.6), gives the result that the angular momentum is 
10 constant. 

r 2 0 = constant -Llm (11.7) 
where L is the angular momentum ( h in the case of the electron). The central force 

equations can be transformed into an orbital equation by the substitution, u = — . The 

r 

differential equation of the orbit of a particle moving under a central force is 



d 2 u -1 



15 ^ + * = ^r/(0 01.8) 



2__2 



dQ l mVu 



m 2 



Because the angular momentum is constant, motion in only one plane need be considered; 
thus, the orbital equation is given in polar coordinates. The solution of Eq. (11.8) for an 
inverse-squared force 



/(r) = -4 Cll-9> 



r 



20 is 



r = r 0 



L 

m 

e = A m 



1+ecosO 

2 
2 



(11.10) 



k 

L 2 
m— 

0 fc(l+e) 



(11.11) 



(11.12) 
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where e is the eccentricity of the ellipse and A is a constant. The equation of motion due to 
a central force can also be expressed in terms of the energies of the orbit The square of the 
speed in polar coordinates is 

v 2 =(r 2 +r 2 0 2 ) (11.13) 
5 Since a central force is conservative, the total energy, E , is equal to the sum of the kinetic, 
T , and the potential, V , and is constant. The total energy is 



- m(r 2 + r 2 9 2 ) + V(r) -£ = constant 



i 



(11.14) 



Substitution of the variable «=- and Eq. (11.7) into Eq. (11.14) gives the orbital energy 

r 



equation. 



10 



1 I}'* 2 



—m— 
2 m" 



— TT- + M 

8Q 2 



\ 



(11.15) 



Because the potential energy function V(r) for an inverse-squared force field is 

r 

the energy equation of the orbit, Eq. (11.15), 



(11.16) 



1 L 2 (d 2 u ^ 



— m— 
2 m' 



69' 



+ u 



-ku = E 



(11.1.7) 



15 which has the solution 



m 



r = 



m 



1 + 



m 



1/2 



(11.18) 



cos# 



where the eccentricity, e , is 



e = 



l+2£m 



\l/2 



m 



(11.19) 



Eq. (11.19) permits the classification of the orbits according to the total energy, E 9 as 
20 follows: 

E < 0, e < 1 closed orbits (ellipse or circle) 

E = 0, e = 1 parabolic orbit 

£ > 0, e > 1 hyperbolic orbit 



WO 2007/051078 PCT/US2006/042692 

18 

Since E = T+V and is constant, the closed orbits are those for which T <| V | , and the open 
orbits are those for which T*:\V\. It can be shown that the time average of the kinetic 
energy, < T > , for elliptical motion in an inverse-squared field is 1/2 that of the time average 
ofthe magnitude of the potential energy, |<K>|. <T>=l/2\<V>\ [1], 

5 As demonstrated in the One-Electron Atom section, the electric inverse-squared force 

is conservative; thus, the angular momentum of the electron, h , and the energy of atomic 
orbitspheres are constant. In addition, the orbitspheres are nonradiative when the boundary 
condition is met. 

The central force equation, Eq. (11.14), has orbital solutions, which are circular, 
10 elliptical, parabolic, or hyperbolic. The former two types of solutions are associated with 
atomic and molecular orbitals. These solutions are nonradiative. The boundary condition for 
nonradiation given in the One-Electron Atom section, is the absence of components of the 
spacetime Fourier transform of the current-density function synchronous with waves traveling 
at the speed of light. The boundary condition is met when the velocity for the charge density 
15 at every coordinate position on the orbitsphere is 

h 



(11.20) 



TUT 
t n 



The allowed velocities and angular frequencies are related to r n by 



n n n 



«>„= r (11.22) 



(11.21) 



mr 

e n 



20 As demonstrated in the One-Electron Atom section and by Eq. (1 1 .22), this condition is met 
for the product function of a radial Dirac delta function and a time harmonic function where 
the angular frequency, a> , is constant and given by Eq. (1 1 .22). 



h m 



e 



n 2 



(11.23) 



where L is the angular momentum and A is the area of the closed orbit. Consider the 
25 solution of the central force equation comprising the product of a two-dimensional ellipsoid 
and a time harmonic function. The spatial part of the product function is the convolution of a 
radial Dirac delta function with the equation of an ellipsoid. The Fourier transform of the 
convolution of two functions is the product of the individual Fourier transforms of the 
functions; thus, the boundary condition is met for an ellipsoidal-time harmonic function when 
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m e A m e ab 



(11.24) 



where the area of an ellipse is 

A = nab (11.25) 

where b and 2b are the lengths of the semiminor and minor axes, respectively, and a and 2a 
5 axe the lengths of the semimajor and major axes, respectively. The geometry of molecular 

hydrogen is ellipsoidal with the internuclear axis as the principal axis; thus, the electron 

orbital is a two-dimensional ellipsoidal-time harmonic function. The mass follows an 

elliptical path, time harmonically as determined by the central field of the protons at the foci. 

Rotational symmetry about the internuclear axis further determines that the orbital is a prolate 
10 spheroid. In general, ellipsoidal orbits of molecular bonding, hereafter referred to as 

ellipsoidal molecular orbitals (MOs), have the general equation 



V 2 V 2 T 2 

* +4+4 = 1 (11.26) 
a 



J. b 2 .2 



The semiprincipal axes of the ellipsoid are a, b, c. 
In ellipsoidal coordinates the Laplacian is 

An ellipsoidal MO is equivalent to a charged perfect conductor (i.e. no dissipation to current 
flow) whose surface is given by Eq. (11.26). It is a two-dimensional equipotential membrane 
where each MO is supported by the outward centrifugal force due to the corresponding 
angular velocity, which conserves its angular momentum of ft . It satisfies the boundary 
20 conditions for a discontinuity of charge in Maxwell's equations, Eq. (1 1 .48). It carries a total 
charge q = -e , and it's potential is a solution of the Laplacian in ellipsoidal coordinates, Eq. 

r 

(11.27). 

Excited states of orbitspheres are discussed in the Excited States of the One-Electron 
Atom (Quantization) section. In the case of ellipsoidal MOs, excited electronic states are 

25 created when photons of discrete frequencies are trapped in the ellipsoidal resonator cavity of 
the MO. The photon changes the effective charge at the MO surface where the central field is 
ellipsoidal and arises from the protons and the effective charge of the "trapped photon" at the 
foci of the MO. Force balance is achieved at a series of ellipsoidal equipotential two- 
dimensional surfaces confocal with the ground state ellipsoid. The "trapped photons" are 

30 solutions of the Laplacian in ellipsoidal coordinates, Eq. (1 1 .27). 
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As is the case with the orbitsphere, higher and lower energy states are equally valid. 
The photon standing wave in both cases is a solution of the Laplacian in ellipsoidal 
coordinates. For an ellipsoidal resonator cavity, the relationship between an allowed 
circumference, 4aE , and the photon standing wavelength, X , is 
5 4aE = nX (11.28) 

where n is an integer and where the elliptic integral E of Eq. (1 1.28) is given by 



£ 

2 



E(k)= jVl-fcsin 2 ^ (11.29) 



kw J*dL (11.30) 
a 

Applying Eqs. (11.28) and (11.29-11.30), the relationship between an allowed angular 
1 0 frequency given by Eq. (1 1 .24) and the photon standing wave angular frequency, a , is: 



m e A m 6 na x n\ m e a H b n n 
where w = 1,2,3,4,... 

-ill 
"~2'3V" 

o, is the allowed angular frequency for n = 1 

■ 

15 a, and 6, are the allowed semimajor and semiminor axes for n = 1 

The potential, $ , and distribution of charge, cr.over the conducting surface of an 

ellipsoidal MO are sought given the conditions: 1.) the potential is equivalent to that of a 
charged ellipsoidal conductor whose surface is given by Eq. (11.26), 2.) it carries a total 
charge q = -e , and 3 .) initially there is no external applied field. To solve this problem, a 
20 potential function must be found which satisfies Eq. (1 1.27), which is regular at infinity, and 
which is constant over the given ellipsoid. The solution is well known and is given after 
Stratton [2]. Consider that the Laplacian is solved in ellipsoidal coordinates wherein £ is the 

parameter of a family of ellipsoids all confocal with the standard surface £ = 0 whose axes 
have the specified values a, 6, c. The variables £ and rj are the parameters of confocal 
25 hyperboloids and as such serve to measure position on any ellipsoid £ = constant . On the 
surface £ = 0 ; therefore, ^ must be independent of £ and r/ . Due to the uniqueness 
property of solutions of the Laplacian, a function which satisfies Eq. (11.27), behaves 
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properly at infinity, and depends only on can be adjusted to represent the potential 
correctly at any point outside the ellipsoid £ - 0 . 

Thus, it is assumed that <f> - <f>{£) . Then, the Laplacian reduces to 

|:<^) = 0 Rt-yj(Z+a 2 )(t+b 2 )(t+c 2 ) (11,32) 

5 which on integration leads to 

m = cjf- (11.33) 

where C, is an arbitrary constant. The upper limit is selected to ensure the proper behavior at 
infinity. When £ becomes very large, approaches £ 3/2 and 
2C 

<*~^j- (11.34) 

1 0 Furthermore, the equation of an ellipsoid can be written in the form 

x 2 y\ f £ 

— r + ^rr + — x=l (11.35) 



1+ — 1+ — 1+— 

If r 2 = x 2 +>> 2 +2 2 is the distance from the origin to any point on the eDipsoid £, it is 

apparent that as | becomes very large £ r 2 . Thus, at great distances from the origin, the 
potential becomes that of a point charge at the origin: 
2C 

15 ^ — (U36) 

The solution Eq. (11.33) is, therefore, regular at infinity, and . the constant C } is then 

determined. It has been shown by Stratton [2] that whatever the distribution, the dominant 
term of the expansion at remote points is the potential of a point charge at the origin equal to 

the total charge of the distribution— in this case a . Hence C = — — , and the potential at 
20 any point is 

^) = r^-J f (11.37) 
few./ R ( 

The equipotential surfaces are the ellipsoids £ = constant . Eq. (1 1 .37) is an elliptic integral 
and its values have been tabulated [3]. 
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Since the distance along a curvilinear coordinate a 1 is measured not by du x but by 
J^du 1 , the normal derivative in ellipsoidal coordinates is given by 

Ity -9 1 (11.38) 

where 



_\ n-nrs-Q (1U9) 



The density of charge, cr , over the surface £ = 0 is 



cr = * 0 



=-4= (11.40) 
Defining x 9 y, z intennsof £, 7, £ we put § = 0 , it may be easily verified that 

10 Consequently, the charge density in rectangular coordinates is 



_q 1 



Anabc \ x 2 y 2 z : 



(11.42) 



a* b 4 c A 

(The mass-density function of an MO is equivalent to its charge-density function where m 
replaces q of Eq. (11*42)). The equation of the plane tangent to the ellipsoid at the point 

15 x\ + y2*-+z\ =1 (11.43) 

a 2 b c 

where X, Y, Z are running coordinates in the plane. After dividing through by the square 
root of the sum of the squares of the coefficients of X> Y> and Z > the right member is the 
distance D from the origin to the tangent plane. That is, 

1 



D- 



£. t. i~ 

a i + b* + c* 



(11.44) 



20 so that for an electron MO 



~ e D (11.45) 



Anabc 

In other words, the surface density at any point on a charged ellipsoidal conductor is 
proportional to the perpendicular distance from the center of the ellipsoid to the plane tangent 
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to the ellipsoid at the point. The charge is thus greater on the more sharply rounded ends 
farther away from the origin. 

In the case of hydrogen-type molecules and molecular ions, rotational symmetry about 
the internuclear axis requires that two of the axes be equal. Thus, the MO is a spheroid, and 
5 Eq. (1 1 .37) can be integrated in terms of elementary functions. If a > b « c , the spheroid is 
prolate, and the potential is given by 

* = J--^ln^±^^ (1 1 .46) 



SPHEROIDAL FORCE EQUATIONS 

10 

Electric Force 

The spheroidal MO is a two-dimensional surface of constant potential given by Eq. (1 1 .46) 
for | = 0 . For an isolated electron MO the electric field inside is zero as given by Gauss' Law 

JE^=J ^dV (11.47) 

S V B o 

15 where the charge density, p , inside the MO is zero. Gauss 1 Law at a two-dimensional surface 
with continuity of the potential across the surface according to Faraday's law in the 
electrostatic limit [4-6] is 

n.(E,-E 2 ) = — (11.48) 

E 2 is the electric field inside which is zero. The electric field of an ellipsoidal MO with 

20 semimajor and semiminor axes a and b = c , respectively, is given by substituting a given by 
. Eq. (1 1 38-1 1 .42) into Eq. (1 1 .48). 

E-— i " e 1 i = ~ 6 Pi ~ ~ 6 1 i 

e o 4 A7ce 0 V(#-7)(£-£) * ^7ce Q abc * Ans Q abc ^ ; ~ * 



Va 4 A 4 c 4 



(11.49) 

wherein the ellipsoidal-coordinate parameter £ = 0 at the surface of the MO and D is the 

25 distance from the origin to the tangent plane given by Eq. (1 1 .44). The electric field and thus 
the force and potential energy between the protons and the electron MO can be solved based 
on three principles: (1) Maxwell's equations require that the electron MO is a equipotential 
energy surface that is a function of 4 alone; thus, it is a prolate spheroid, (2) stability to 
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radiation, and conservation first principles require that the angular velocity is constant and 
given in polar coordinates with respect to the origin by Eq. (1 1 .24), and (3) the equations of 
motion due to the central force of each proton (Eqs. (1 1 .5-1 L 1 9) and Eqs. (1 1 .68-1 1 .70)) also 
determine that the current is ellipsoidal, and based on symmetry, the current is a prolate 
5 spheroid. Thus, based on Maxwell's equations, conservation principles, and Newton's Laws 
for the equations of motion, the electron MO constraints and the motion under the force of the 
protons both give rise to a prolate spheroid. Since the energy of motion is determined from 
the Coulombic central field (Eqs. (11.5-11.19), the protons give rise to a prolate spheroidal 
energy surface (a surface of constant energy) that is matched to the equipotential, prolate 
10 spheroidal electron MO. 

The force balance equation between the protons and the electron MO is solved to give 

■ 

the position of the foci, then the total energy is determined including the repulsive energy 
between the two protons at the foci to determine whether the original assumption of an 
elliptic orbit was valid. If the condition that E < 0 is met, then the problem of the stable 

1 5 elliptic orbit is solved. In any case that this condition is not found to be met, then a stable 
orbit can not be formed. 

The force and energy equations of a point charge(mass) (Eqs. (11.5-11.24)) are 
reformulated in term of densities for charge, current, mass, momentum, and potential, kinetic, 
and total energies. Consider an elliptical orbit shown in Figure 1 that applies to a point 

20 charge(mass) as well as a point on a continuous elliptical current loop that comprises a basis 
element of the continuous current density of the ellipsoidal MO. The tangent plane at any 
point on the ellipsoid makes equal angles with the foci radii at that point and the sum of the 
distance to the foci is a constant, 2a . Thus, the normal is the bisector of the angle between 
the foci radii at that point as shown in Figure 1 . 

25 The unit vector normal to the ellipsoidal MO at a point (x, y, z) is 



/ x_ y_ 

2 » l2 3 L 2 

J 



^2 » t2 3 t 

\a b b 



(11.50) 



a* b* c 4 

F x (?■(')) and F 2 (r(t)) are defined as the components of the central forces centered on F l 
and F 2 . The components of the central forces that are normal to the ellipsoidal MO in the 
direction of d , the unit vector in the -direction are defined as [r (r)) and F 71 (r (/)) . 
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The normalized projections or projection factor of the sum of these central forces in the d 
direction at the point (x, y, z) is 



2a 



^ {{x-c,y,z)+(x-c,y,z)y^+^+^ 



a b c 



f 2 2 

x -ex y 


z 2> 




^ 2 2 

x + cx jr 








) + 
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{ a 2 b 2 






{ a 2 + P~ 


b 2 



(11.51) 



2 2 2 

^ ,x v z 



1 



Jx 2 / 2 2 

V £ c A 

where r, and r 2 are the radial vectors of the central forces from the corresponding focus to 

5 the point (x,y 9 z) on the ellipsoidal MO. 

The polar-coordinate elliptical orbit of a point charge due to its motion in a central 
inverse-squared-radius field is given by Eqs. (11.10-11.12) as the solution of the polar- 
coordinate-force equations, Eqs. (1 1 .5- 1 1 . 1 9) and (1 1 .68- 1 1 .70). The orbit is also completely 
specified in Cartesian coordinates by the solution of Eqs. (11.5-11.19) and (11.68-11.70) for 

10 the semimajor and semiminor axes. Then, the corresponding polar-coordinate elliptical orbit 
is given as a plane cross section through the foci of the Cartesian-coordinate-system ellipsoid 
having the same axes given by Eq. (1 1.26) where c = b . Thus, the Columbic central force 
can be determined in terms of the general Cartesian coordinates from the polar-coordinate 
central force equations (Eqs. (1 1.5-1 1.19)). Consider separately the elliptical solution at each 

1 5 focus given in polar coordinates by Eq. (1 1 . 1 0): 



/t v 1 + e a(l-e 2 ) 
l + ecos0 l + ecos0 

l + ecos(0 + ;r) l-ecos0 



(11.52) 



(11.53) 



where 



r n -a-c =a 



l~ C - »*(!-«) 
a 1 



(11.54) 
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The magnitude of the sum of the central forces centered on F t and F 2 that are normal to the 
ellipsoidal MO are 

* k 



_ ; (l+ecosfl) +(l-ecosfl) 

1 — K « ■ r ■ — ■ — 

7 l + 2ecos&+e 2 cos 2 6 + 1 - 2ecos0 + e 2 cos* 6 

-* (n.55) 

ar(l-r] 
. l + e 2 cos 2 0±l+e 2 cos 2 0 



a 2 (\-e 2 ) 

2 + 2e 2 cos 2 9 
a 2 (l-e 2 f 



The vector central forces centered on F } and F 2 that are normal to the ellipsoidal MO are 

5 then given by the product of the corresponding magnitude and vector projection given by Eqs. 

(1 1 .55) and (1 1 .51), respectively: 

i? / \ . ( \ i. 2+2e 2 cos 2 0 1 

* 2 M) J4+4+- 

Va 4 & 4 c 4 

Eq. (11.56) is based on a single point charge e. For a charge-density distribution that is 
given as an ellipsoidal equipotential, the 9 -dependence must vanish. In addition to the 
10 elliptical orbit being completely specified in Cartesian coordinates by the solution of Eqs. 
(1 1 .5-1 1. 1 9) and Eqs. (1 1 .68- 1 1 .70) for the semimajor and semiminor axes in Eq. ( 1 1 .26), the 
polar-coordinate elliptical orbit is also completely specified by the total constant total energy 
E and the angular momentum which for the electron is the constant h . Considering Eq. 

(11.56) , the corresponding total energy of the electron is conserved and is determined by the 
1 5 integration over the MO to give the average: 

Fu fo ) + ^ (* ) - * / , 1 i ,h (H.57) 



1 ' a h^v 



Eq. (11.57) is transformed from a two-centered-central force to a one-centered-central force 
to match the form of the potential of the ellipsoidal MO. In this case, 

r„r 2 ->r(f)f, (1L58 ) 

20 In the case that 
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r,=r 2 =a (11.59) 

then, 

r(t) = b (11.60) 
and the one-centered-central force is in the l f -direction. Thus, Eq. (1 1 .57) transforms as 



^(r(0)+F u (r(0)-* 



(l-e>) 2 i 



Va 4 i 4 c 4 



(11.61) 

2+<?2 1 

V 



V* 4 6 4 C 4 



Eq. (1 1.61) has the same form as that of the electric field of the ellipsoidal MO given by Eq. 
(1 1.49), except for the scaling factor of two-centered coordinates : 

^c-77~2- (11.62) 

As shown in the case of the derivation of the Laplacian charge-density and electric field, if 
10 r 2 = x 2 +y +z ? is the distance from the origin to any point on the ellipsoid £ , it is apparent 
that as | becomes very large £ -» r 2 . Thus, at great distances from the origin, the potential 
becomes that of a point charge at the origin as given by Eq. (1136). The same boundary 
condition applies to the potential and field of the protons. The limiting case is also given as 
e-±0. Then, to transform the scale factor to that of one-centered coordinates for an 

"•**.- , » * * 

1 5 ellipsoidal MO, the reciprocal of the scaling factor multiplies the Laplacian-MO-electric-field 
* •■ » * » 

term. The reciprocal of Eq. (11.62) is 

i 

such that as e 0 , -> — . This transform scale factor corresponds to the interchange of 

the points of highest and lowest velocity on the surface and the distribution of the charge- 
20 density in the opposite manner as shown infra. The charge-density distribution corrects the 
angular variation in central force over the surface such that a solution of the central force 
equation of motion and the Laplacian MO are solved simultaneously. It can also be 
considered as a multipole normalization factor such those of the spherical harmonics and the 
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spherical geometric factor of atomic electrons that gives the central force as a function of £ 



only. 



The reciprocal of the form-factor with the dependence of the charge density on 



the distance parameter r (/) gives 



1 



) \x 2 y\z 2 



(11.64) 



From Eq. (11.31), the magnitude of the ellipsoidal field corresponding to a below 
"ground state" hydrogen-type molecular ion is an integer p . The integer is one in the case of 
the hydrogen molecular ion and an integer greater than one in the case of each dihydrino 
molecular ion. The central-electric-force constant, k , from the two protons that includes the 
10 central-field contribution due photons of lower-energy states is 

.2 „o-2 



jfc = 26 = P2e ' 

4xe 0 4tcs 0 



(11.65) 



Substitution of Eq. (1 1.65) for k in Eq. (1 1.64) gives the one-center-coordinate electric force 
between the protons and the ellipsoidal MO: 



F e/e =F u (r(r))+F 21 (r(r)) = 



2pe : 
4ne, 



1- 



v 



a 



1 



0 , 2 



ab 



2+ C 



2 2 

a b c 



2 l * 



(11.66) 



15 where e is the charge and with the distance from the origin to a nucleus at a focus defined as 
c 1 , the eccentricity, e , is 



e = — 
a 



(11.67) 



From the orbital equations in polar coordinates, . Eqs. (11.10-11.12), the following 
relationship can be derived [1]: 

L 2 

tn — r- 

20 a = rn_ (11.68) 



kQ-e 2 ) 

* 

For any ellipse, 



(11.69) 



Thus, 
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L 2 



2 m 



b - a\ & — . (point charge (mass) in polar coordinates) (1 1 .70) 

ka 

From, the equal energy condition, it can be shown that b for the motion of a point charge 
(mass) in polar coordinates due to a proton at one focus corresponds to 

c' = V?^ (11.71) 
5 of the MO in ellipsoidal coordinates, and of one attracting focus is replaced by k = 2^ of 
ellipsoidal coordinates with two attracting foci. In ellipsoidal coordinates, k is given by Eq, 
(1 1 .65) and L for the electron equals % . 

Consider the force balance equation for the point on the ellipse at the intersection of 

the semiminor axis b with the ellipse. At this point called (0,fc), the distances from each 
10 focus, r t and r t , to the ellipse are equal. The relationship for the sum of the distances from 

the foci to any point on the ellipse is 

r 1 + r 2 = 2a C".?2) 

Thus, at point (0,6), 



(11.73) 



15 Using Eq, (11.5), the magnitude of the force balance in the radial (r(f)) direction, from the 
origin, is given by 

w ^ = _2££l sin ^ = _2p£Li (11.74) 
47re 0 a 4ne Q a a 

wherein the mr term is zero and 9 is the angle from the focus to point (0,6). Using Eqs. 
(1 1 .24), (1 1 .94), and (1 1 .95), Eq. (1 1 .74) becomes 
20 W = w6 _^ = J££L* (11.75) 

In order for the prolate spheroidal MO to be an equipotential surface, the mass and charge 
density must be according to Eq. (1 1 .45). In this case, the mass and charge density along the 
ellipse is such that the magnitudes of the radial and transverse forces components at point 
(0,fe) are equivalent. Furthermore, according to Eq. (11.5), the central force of each proton 

25 at a focus is separable and symmetrical to that at the other focus. Based on symmetry, the 
transverse forces of the two protons are in opposite directions and the radial components are 
in the same direction. But, the relationship between the magnitudes must still hold wherein at 
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point (0,6) the transverse force is equivalent to that due to the sum of the charges at one 

focus. The sum of the magnitudes of the transverse forces which is equivalent to a force of 
2e at each focus in turn is 



c 

5 Thus, using the mass and charge-density scaling factor, -~- = — , to match the equipotential 

b_ b 

a 

condition in Eq. (75) gives 



b-A — -- fc^i 

e b 



(11.77) 



m e 2pe- 
Using Eq. (1 .235) 



(11.78) 



10 c . = a jl^ = K (11.79) 

me 2 2pa yip 

Then, the length of the semiminor axis of the prolate spheroidal MO, b = c , is 

6 = Va 2 -c' 2 (11.80) 
Correspondingly, c ' is given by Eq. (1 1 .71). 
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Substitution of Eq. (1 1 .79) into Eq. (1 1 .66) gives the electric force: 



_2pe' 





f \ — V 




\aa 0 


1- 


hp 
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J 
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4;rs„ 
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_2pe' 
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4 T f.4 n 4 



a b 4 



lap) 



4^o 



2+ «o 



v 



2ap 



(11.81) 



r 

Centrifugal Force 

5 The centrifugal force along the radial vector from each proton at each focus of the ellipsoid is 
given by the mrO 2 term of Eq. (1 1 .5). The tangent plane at any point on the ellipsoid makes 
equal angles with the foci radii at that point and the sum of the distance to the foci is a 
constant 2a . Thus, the normal is the bisector of the angle between the foci radii at that point 

» 

as shown in Figure 1. In order to satisfy the equation of motion for an equal energy surface 
10 for both foci, the transverse component of the central force of one foci at any point on the 
elliptic orbit due to the central force of the other (Eq. (11.5)) must cancel on average and vice 
versa. Thus, the centrifugal force due to the superposition of the central forces in the 
direction of each foci must be normal to an ellipsoidal surface in the direction perpendicular 
to the direction of motion. Thus, it is in the £ -direction. This can be only be achieved by a 
15 time rate of change of the momentum density that compensates for the variation of the 
distances from each focus to each point on an elliptical cross section. Since the angular 
momentum must be conserved, there can be no net force in the direction transverse to the 
elliptical path over each orbital path. The total energy must also be conserved; thus, as shown 
infra, the distribution of the mass must also be a solution of Laplace ! s equation in the 
20 parameter £ only. Thus, the mass-density constraint is the same as the charge-density 
constraint As further shown infra. , the distribution and concomitantly the centrifugal force is 
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a function of D , the time-dependent distance from the center of the ellipsoid to a tangent 
plane given by Eq. (11.44) where D and the Cartesian coordinates are the time-dependent 
parameters. 

Each point or coordinate position on the continuous two-dimensional electron MO 
5 defines an infinitesimal mass-density element which moves along an orbit comprising an 
elliptical plane cross section of the spheroidal MO through the foci. The kinetic energy of the 
electron is conserved. Then, the corresponding radial conservative force balance equation is 

w(r+C;r) = 0 < 1L82 ) 
The motion is such that eccentric angle, 0, changes at a constant rate at each point. That is 
10 9 -cot at time t where the angular velocity co is a constant. The solution of the 

homogeneous equation with C } =co 2 is 

r(t) = iacoscot+ibsmtot (11.83) 
where a is the semimajor axis, b is semiminor axis, and the boundary conditions of r (t) = a 

* - ' 

for 6tf = 0 and r{t) = b for cot = — were applied Eq. (11.83) is the parametric equation of 

2 

15 the ellipse of the orbit. The velocity is given by the time derivative of the parametric position 

« + 

vector: 

v(t) = r(i) = -iaco sin cot + jbco cos cot 0 1 • 84) 

> • 

The velocity is — out of phase with the charge density at r(t) = a (at = Q) and r(t) = b 

2 

(&t = —) such that the lowest charge density has the highest velocity and the highest charge 
2 

* 

20 density has the lowest velocity. In this case, it can be shown that the current is constant along 

■ . 

each elliptical path of the MO. Recall that nonradiation results when co = constant given by 
Eq. (11.24) that corresponds to a constant current,, which further maintains the current 

* 

continuity condition. 

Consider Eq. (1 1 .32) for the prolate spheroidal MO. From this equation, the mass and 
25 current-densities, the angular momentum, and the potential and kinetic energies are a function 
of £ alone, and any dependence on the orthogonal coordinate parameters averages to unity. 

From Eq. (11.32), 

R^ = C X (11.85) 
Substitution of Eq. (11.40) into Eq. (11.85)gives 
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where C, is from Eq. (11.36). Substitution of Eq. (11.39) into Eq. (11.86) gives 



l tojrg 2 ^ 
Comparison of Eq. (1 1.86) with Eq. (1 1.87) demonstrates that the 



5 8 A -tl MEM -O S {$)dS = e (11.88) 

The current density J is given by the product of the constant frequency (Eq. (1 1.24)) and the 
charge density (Eq. (11.40)): 

j=— * (11-89) 

2nm e ab An^r]^ 

The total constant current is dependent on £ alone according to Eq. (1 1.32). Then, applying 
10 the result of Eq. (1 1.88) to Eq. (1 1.89) gives 

•-^sfeM^ 3 ^*^-^^ (U - 90) 

the constant current that is nonradiative. 

If a(f) denotes the acceleration vector, then 

< 

a(r) = -fl) 2 r(f)i, - (11:91) 

15 In other words, the acceleration is centrifugal as in the case of circular motion with 

constant angular speed a>. The dot product of r(r) with d, the unit vector normal to the 

ellipsoidal MO at a point (x, y, z) given by Eq. (1 1 .50), is 



(*,y,z) 

r(/)d=- 



f x_ y_ i_ 
K a 2, b 2 'b 2 



~1 J.2 J.2 

abb) 



7 F 7 i<? b A c 4 

Using Eq. (1 1 .26), the normal component projection is 



(11.92) 



20 r(0-d= , - \ 2 =D (11.93) 

» » 

where D , the distance from the origin to the tangent plane, is given by Eq. (1 1 .44). 



) 
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The centrifugal force, F d , on mass element m, [7] given by the second term of Eq. 
(11.82) is 

F d = m t a = ~mfi> 2 r{t) (1 1 .94) 

Substitution of the angular velocity given by Eq. (1 1.24) and m t for m into Eq. (1 1 .94) gives 
5 the centrifugal force F e on the electron that is normal to the MO surface according to Eq. 
(11.93): 

p 

F c has an equivalent dependence on D as the electric force based on the charge distribution 
(Eq. (11.45)). This is expected based on the invariance of — which results in the same 

10 distribution of the mass and charge. 

The equipotential charge-density distribution gives rise to the constant current 
condition. It also gives rise to a constant total kinetic energy condition wherein the angular 
velocity given by Eq* (11.24) is a constant. Recall from Eq. (11.32), that on the surface 
£ = 0 ; <j> must be independent of £ and rj and depend only on £ at any point outside the 

1 5 ellipsoid £ = 0 . . Sinbe the current and total kinetic energy are also constant on the surface 
£ = 0 , the total kinetic energy depends only on | . Thus, the centrifugal force on the mass of 
the electron, m e9 must be in the same direction as the electric field corresponding to 0, 
normal to the electron surface wherein any tangential component in Eq. (1 1.94) averages to 
zero over the electron MO by the mass distribution given by Eqs. (1 1 .40) and (1 1 .45) with m e 

* 

20 replacing e . 

The cancellation of tangential acceleration over each elliptical path maintains the 
charge density distribution given by Eq. (1 1 .40) with constant current at each point on each 
elliptical path of the MO. Since the centrifugal force is given by Eq. (11.94), the 
multiplication of the mass density by the scaling factor \ and integration with respect to £ 

25 gives a constant net centrifugal force. Thus, the result matches those of the determination of 
the constant current (Eq. (11.90)) and angular momentum shown infra. (Eq. (11.101)) 
wherein the charge and mass densities given in Eqs. (11.90-1 1.91) and (1 1.100), respectively, 
were integrated over. 

Specifically, consider the normal-directed centrifugal force, F cy 9 on mass element m i : 
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F c ,=-ro,*> 2 Z^ (11.96) 
The mass density is given by Eq. (1 1 .40) with m e replacing e . Then, the substitution of the 
mass density for m i in Eq. (1 1 .96) and using Eq. (1 1 .24) for a> gives the centrifugal force 

* 

density F^ : 

4tct]ti£ m e ab 

Eq. (1 1 .32) determines that the centrifugal force is a function of <f alone, and any dependence 
on the transverse coordinate parameters averages to zero. Using the result of Eq. (11.88) 
gives the net centrifugal force F c : 

f - •^cw*'? s ^^ D ' < ^ = ^ a< (U - 98) 

10 In the limit as the ellipsoidal coordinates go over into spherical coordinates, Eq. 

- 

* • ■ * 

(11.95) reduces to the centrifugal force of the spherical orbitsphere given by Eq. (1.232) with 
Eq. (1.47). This condition must be and is met as a further boundary condition that parallels 
that of Eqs. (1 1 .32-1 1 .37). Using the same dependence of the total mass(charge) on the scale 
factor }\ according to Eqs. (11.32-11.40), the further boundary conditions on the angular 

15 momentum and kinetic energy are met. 

Specifically, the constant potential and current conditions and the use of Eq. (1 1.32) in 
the derivation of Eq. (1 1 .95) also satisfy another condition, the conservation of h of angular 
momentum of the electron. The angular momentum p, at each point i of mass m t is 

Pi(r) =lw i r (O*v(0 

-•• = m t (ia cos cot + j& sin wt\ x l-iaa) sin cot + jb& cos cot) 

' v 7 (11.99) 

= mflboo (cos 2 cot + sin 2 of)ix j 
= m f abajk 

20 The mass density is given by Eq. (11.40) with m e replacing e. Then, substitution of m t in 
Eq. (11.99) by the mass density and using Eq. (11.24) for w gives the angular momentum 
density p(f): 

p M « ab6) m * k = ab * m * \L (1 1.100) 

4xyjT]C m e ab Atv^ 

Using the result of Eq. (1 1 .88) gives the total constant angular momentum L : 
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• L - te fr^f * T B£ =f= S1 'M* - * (".ioi) 

Eq. (1 1.101) demonstrates conservation of angular momentum that is a function of £ alone 
that parallels the case of atomic electrons where L conservation is a function of the radius r 

♦ 

alone as given by Eq. (1 .57). 
5 Similarly, the kinetic energy T(t) at each point / of mass m, is 

= — m i (~iaa) sin cot + jbco cos cot) (11.1 02) 

1 

= — m f G) 2 (a 2 sin 2 etf + b 2 cos 2 Gtf ) 

■ * ■ ' * • 

In Eqs. (11.96-11.98), i», was replaced by the mass density and the £ integral was 

determined to give the centrifugal force in terms of the mass of the electron. The kinetic 
energy can also be determined from the £ integral of the centrifugal force: 

The result is given in Eq. (11.119). From Eq. (1 1 .102), the kinetic energy is time (position) 
dependent, but the total kinetic energy corresponding to the centrifugal force given by Eq. 
(11.95) satisfies the condition that the time-averaged kinetic energy is 1/2 the time-averaged 
potential energy for elliptic motion in an inverse-squared central force [1]. (Here, the 
1 5 potential and total kinetic energies are constant and correspond to the time-averaged energies 
of the general case.) Thus, as shown by Eqs. (11.122) (11.124), (11.262), and (11.264) 
energy is conserved. 

■ 

Force Balance of Hydrogen-type Molecular Ions 

20 Consider the case of spheroidal coordinates based on the rotational symmetry about the 
semimajor axis [2]. In the limit, as the focal distance 2c and the eccentricity of the series of 
confocal ellipses approaches zero, spheroidal coordinates go over into spherical coordinates 
with £ -> r and rj -> cos0 . The field of an equipotential two-dimensional charge surface of 
constant radius r = R is equivalent to that of a point charge of the total charge of the 

25 spherical shell at the origin. The force balance between the centrifugal force and the central 
Coulomb force for spherical symmetry is given by Eq. (1.232). 
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Similarly, the centrifugal force is the direction of £ and balances the central 
Coulombic force between the protons at the foci and the electron MO. In the case of the 
prolate spheroidal MO, the inhomogeneous equation given by Eq. (1 1.5) must hold for each 
fixed position of r (t) since the MO is static in time due to the constant current condition. 

5 With r(t) fixed, the mr term of Eq. (11.5) is zero, and the force balanced equation is the 

balance between the centrifugal force and the Coulombic force which are both normal to the 
surface of the elliptic orbit: 

mr0 2 =f(r) (11.104) 
Substitution of Eq. (11.81) and Eq. (11.95) into Eq. (11.104) gives the force balance between 
10 the centrifugal and electric central forces: 
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(11.105) 



i - 



(11.106) 



(11.107) 



(11.108) 



15 



a-2- 2 - 



(11.109) 



Substitution of a given by Eq. (1 1.109) into Eq. (1 1.79) gives 



(11.110) 



The internuclear distance from Eq. (1 1 . 1 1 0) is 

2a 

2c' = — s- 



(11.111) 



ltd a 

20 Substitution of a = — - and c' = — into Eq. (1 1.80) gives the length of the semiminor axis 

P P 



of the prolate spheroidal MO, b = c : 
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(11.112) 



b =— a. 
P 



2fl CL 

Substitution of a = — - and c ' = into Eq. (1 1 .67) gives the eccentricity, e : 

P P 



1 

e = — 
2 



(11.113) 

From Eqs. (1 1.63-1 1.65), the result of Eq. (1 1.1 13) can be used to the obtain the electric force 
5 F rfe between the protons and the ellipsoidal MO as 

"--^-^4^^^ 0U14) 
where the electric field E of the MO is given by Eq. (1 1.49). Then, the force balance of the 
hydrogen-type molecular ion is given by 

.2 „2 



m.a 2 b 2 &7T£ t 



2,2 D =f— D (H.115) 



10 which has the parametric solution given by Eq. (1 1.83) when 

2a 



p (11.116) 

The solutions for the prolate spheroidal axes and eccentricity are given by Eqs. (11.109- 
11.113). 



15 ENERGIES OF HYDROGEN-TYPE MOLECULAR IONS 

From Eq. (11.31), the magnitude of the ellipsoidal field corresponding to a below "ground 
state" hydrogen-type molecule is an integer, p . The force balance equation (Eq. (11.1 15)) 
applies for each point of the electron MO having non-constant charge (mass)-density and 
velocity over the equipotential and equal energy surface. The electron potential and kinetic 
20 energies are thus determined from an ellipsoidal integral. 

The potential energy is doubled due to the transverse electric force. The force normal 
to the MO is given by the dot product of the sum of the force vectors from each focus with d 

where the angle f} is y5 = — -a, and the transverse forces are given by the cross product 

with d . As shown in Figure 1, equivalently, the transverse projection is given with the angle 
25 a replacing J3 where the range of a is the same as 0 . The two contributions to the 
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potential energy doubles it. The potential energy, V e , of the electron MO in the field of 
magnitude p times that of the two protons at the foci is 



e 



Ans a 2D j 
_ -Ape 2 - f d4 



_ -Ape , a+yja-b 

t 

-4pe 2 . a+c l 
= — - — In 

%ks 0 c' a-c % 

where 

5 yV-ft 2 =c' (11.118) 

2c' is the distance between the foci which is the internuclear distance. The kinetic energy, 
r, of the electron MO follows from the same type of integral as V e using Eqs. (7-14) of 
Stratton [8], Eqs: (11.37-11.46), and integral #147 of Lide [9]. T is given by the 
corresponding integral of the centrifugal force (LHS of Eq. ( 1 1 . 1 1 5)) with the constraint that 
10 the current motion allows the equipotential and equal energy condition with a central field 
due to the protons; thus, it is corrected by the scale factor given by Eq. (1 1.62). The ^ ce 

correction can be considered the scaling factor of the moment of inertial such that the kinetic 
energy is equivalent to the rotational energy for constant angular frequency a> . The kinetic 
energy, T , of the electron MO is given by 

15 T = K ^—D^\^.^^-\ H ~ 2 * 2 ln ^+^/^ ^ 

K m e a 2 b 2 2DjR 4 2m,a }($+b)Jf^ mfi JfZtf a-4J^ 

(11.119) 

The potential energy, V P , due to proton-proton repulsion in the field of magnitude p times 
that of the protons at the foci (£ = 0) is 

20 The total energy, E T , is given by the sum of the energy terms 

Er = V e +V p +T (1U2 1) 

Substitution of a and b given by Eqs. (11.109) and (11.112), respectively, into Eqs. 
(11.117), (1 1.1 19), (11.120), and (11.121) gives 
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^ ==z 4 £ V ]n3 (1Lm) 

V = ^ (11.123) 
P &xe 0 a 0 

r= 2 £ V ln3 (nl24) 

E T = -13.6eV(4p 2 hi3-p 2 -2p 2 ln3) = -p 2 l6.2&eV (11.125) 



5 The total energy, which includes the proton-proton-repulsion term is negative which justifies 
the original treatment of the force balance using the analytical-mechanics equations of an 
ellipse that considered only the binding force between the protons and the electron and the 
electron centrifugal force. T is one-half the magnitude of V e as required for an inverse- 

squared force [1] wherein V e is the source of T . 

10 

VIBRATION OF HYDROGEN-TYPE MOLECULAR IONS 
A charge, q , oscillating according to r 0 (/) = d sin co 0 t has a Fourier spectrum 

J(k, *>).= J a (* cos Od) {S[a> - {m + l)a> 0 ] + 6[a> - (m - l)co 0 ]} (11.1 26) 

2 

where J m % s are Bessel functions of order m . These Fourier components can, and do, acquire 

15 phase velocities that are equal to the velocity of light [10]. The protons of hydrogen-type 
molecular ions and molecules' oscillate as simple harmonic oscillators; thus, vibrating protons 
will radiate. Moreover, non-oscillating protons may be excited by one or more photons that 
are resonant with the oscillatory resonance frequency of the molecule or molecular ion, and 
oscillating protons may be further excited to higher energy vibrational states by resonant 

20 photons. The energy of a photon is quantized according to Planck's equation 

E = ha> . . (1L127) 

The energy of a vibrational transition corresponds to the energy difference between the initial 
and final vibrational states. Each state has an electromechanical resonance frequency, and the 
emitted or absorbed photon is resonant with the difference in frequencies. Thus, as a general 

25 principle, quantization of the vibrational spectrum is due to the quantized energies of photons 
and the electromechanical resonance of the vibrational!/ excited ion or molecule. 
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It is shown by Fowles [11] that a perturbation of the orbit determined by an inverse- 
squared force results in simple harmonic oscillatory motion of the orbit. In a circular orbit in 
spherical coordinates, the transverse equation of motion gives 
Llm 



0 = 



r 2 



(11.128) 



5 where L is the angular momentum. The radial equation of motion is 

m{r -/#) = /(/') (11.129) 
Substitution of Eq. (1 1.128) into Eq. (11.129) gives 



.. m(Llm) 1 
™ v 3 = f{ r ) (11.130) 



(11.132) 



For a circular orbit, r is a constant and r = 0. Thus, the radial equation of motion is given by 
10 . - 1 > =f(a) (11.131) 

where a is the radius of the circular orbit for central force f(a) at r = a . A perturbation of 
the radial motion may be expressed in terms of a variable x defined by 

• ■ 

x = r-a 

The differential equation can then be written as 
15 mx-m(L/m) 2 (x + a)~ 2 =f(x + a) (11.133) 

Expanding the two terms involving x+a as a power series in x , gives 

2 ( X \ 

mx-m{Llm) a* 1-3-+... =/(a)+/'(a)x-K.. (11.134) 

v a ) 

Substitution of Eq. (11.131) into Eq. (11.13.4) and neglecting terms involving x 2 and higher 
powers of x gives 

20 rrX+^f^yf^a) x = 0 (11.135) 

For an inverse-squared central field, the coefficient of x in Eq. (11.135) is positive, and the 
equation is the same as that of the simple harmonic oscillator. In this case, the particle, if 
perturbed, oscillates harmonically about the circle r = a , and an approximation of the angular 
frequency of this oscillation is 
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An apsis is a point in an orbit at which the radius vector assumes an extreme value 
(maximum or minimum). The angle swept out by the radius vector between two consecutive 
apsides is called the apsidal angle. Thus, the apsidal angle is n for elliptical orbits under the 
inverse-squared law of force. In the case of a nearly circular orbit, Eq. (1 1.135) shows that r 
5 oscillates about the circle r = a , and the period of oscillation is given by 



r r - In 




m 



j/W+/'W] 



(11.137) 



The apsidal angle in this case is just the amount by which the polar angle 6 increases during 
the time that r oscillates from a minimum value to the succeeding maximum value which is 



Llm 



r r . From Eq. (1 1.128), 9 = — r - ; therefore, 6 remains constant, and Eq. (11.131) gives 



10 



<9« 



Llm 



a 



ma 



1/2 



(11.138) 



Thus, the apsidal angle is given by 



1 A 



ml 



-1-1/2 



(11.139) 



Thus, the power force of / (r) = -cr n gives 



!^ = *(3+«)* (11.140) 

15 The apsidal angle is independent of the size of the orbit in this case. The orbit is re-entrant, 
or repetitive, in the case of the inverse-squared law (« = -2) for which ^ = /r. 

A prolate spheroid MO and the definition of axes are shown in Figures 5A and 5B, 
respectively. Consider the two nuclei A and B, each at focus of the prolate spheroid MO. 
From Eqs. (11.115), (11.117), and (11.1 19), the attractive force between the electron and each 

20 nucleus at a focus is 



4ne 0 a' 



(11.141) 



and 



/'(«) = 



2pe' 



(11.142) 



In addition to the attractive force between the electron and the nuclei, there is a 
25 repulsive force between the two nuclei that is the source of a corresponding reactive force on 
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the reentrant electron orbit. Consider an elliptical orbital plane cross section of the MO in the 
xy-plane with a nucleus A at (-c f , 0) and a nucleus B at (c\ 0). For B acting as the attractive 
focus, the reactive repulsive force at the point (a, 0), the positive semimajor axis, depends on 
the distance from (a, 0) to nucleus A at (-c 1 , 0) (i.e. the distance from the position of the 
5 electron MO at the semimajor axis to the opposite nuclear repelling center at the opposite 
focus). The distance is given by the sum of the semimajor axis, a, and c\ 1/2 the 
internuclear distance. The contribution from the repulsive force between the two protons is 

ve 2 

f( a + c ') = Z 7 71 (11.143) 



%iC8 0 (a+c') 



and 



10 



/ f (a+cO = 



4ne 0 (a+cf 

Thus, from Eqs. (11.136) and (1 1.141-11.144), the angular frequency of this oscillation is 



(11.144) 



co = 



i 



■ 



„2 

pe 


pe 2 


47rs 0 a 3 


$xe 0 (a + c'f 




pe 


pe 



(11.145) 





Co ^ 




, P , 



3a H 



= p 2 4MS65XlO u rad/s 



2a t 



a, 



where the semimajor axis, a, is a- — Z- according to Eq. (11.116) and c' is c f = ^- 

P p 

according to Eq. (11.110). 

15 In the case of a hydrogen molecule or molecular ion, the electrons which have a mass 

of 1/1836 that of the protons move essentially instantaneously, and the charge density is that 
of a continuous membrane. Thus, a stable electron orbit is maintained with oscillatory 
motion of the protons. Hydrogen molecules and molecular ions are symmetrical along the 
semimajor axis; thus, the oscillatory motion of protons is along this axis. Let x be the 

20 increase in the semimajor due to the reentrant orbit with a corresponding displacement of the 
protons along the semimajor axis from the position of the initial foci of the stationary state. 
The equation of proton motion due to the perturbation of an orbit having a central inverse- 
squared central force [1] and neglecting terms involving x 2 and higher is given by 
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/tf+/bt = 0 (11.146) 
which has the solution in terms of the maximum amplitude of oscillation, A , the reduced 

nuclear mass, //, the restoring constant or spring constant, k, the resonance angular 

frequency, o 0 , and the vibrational energy, E vib , [12] 

Acosa 0 t (11.147) 

where 

k (11.148) 




For a symmetrical displacement x , the potential energy corresponding to the oscillation E Pvib 
is given by 

■ 



10 . £^=2 



= fcc 2 . 01.149) 



The total energy of the oscillating molecular ion, E Toahlk , is given as the sum of the kinetic 
and potential energies 

E^-\i&+** (H-150) 

The velocity is zero when x is the maximum amplitude, A . The total energy of the 
1 5 oscillating molecular ion, E TouM , is then given as the potential energy with x = A 

• E Totah[b =kA 2 (H.151) 

Thus, 



A ^^r^2L (11.152) 

It is shown in the Excited States of the One-Electron Atom (Quantization) section that 
20 the change in angular frequency of the electron orbitsphere (Eq. (2.21)) is identical to the 
angular frequency of the photon necessary for the excitation, co phDton (Eq. (2. 1 9)). The energy 

of the photon necessary to excite the equivalent transition in an electron orbitsphere is one- 
half of the excitation energy of the stationary cavity because the change in kinetic energy of 
the electron orbitsphere supplies one-half of the necessary energy. The change in the angular 
25 frequency of the orbitsphere during a transition and the angular frequency of the photon 
corresponding to the superposition of the free space photon and the photon corresponding to 
the kinetic energy change of the orbitsphere during a transition are equivalent. The 
correspondence principle holds. It can be demonstrated that the resonance condition between 
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these frequencies is to be satisfied in order to have a net change of the energy field [13]. The 
bound electrons are excited with the oscillating protons. Thus, the mechanical resonance 
frequency, a> 0 , is only one-half that of the electromechanical frequency which is equal to the 
frequency of the free space photon, a> , which excites the vibrational mode of the hydrogen 
5 molecule or hydrogen molecular ion. The vibrational energy, E vib , corresponding to the 
photon is given by 

=ha> = ho, = h = 2kA 2 (11.153) 
where Planck's equation (Eq. (11.127)) was used. The reduced mass is given by 



(11.154) 



10 Thus, 



- Sl 



2^ ( 1U55 ) 

Since the protons and electron are not fixed, but vibrate about the center of mass, the 
maximum amplitude is given by the reduced amplitude, A Kducaj , given by 

A " ub "* d = A^+X (11.156) 
15 where 4, is the amplitude n if the origin is fixed. Thus, Eq. (1 1.155) becomes 

Anducat —^yl (11.157) 



and from Eq. (11.148), 4^ is 



=1 IEK = 1. Ijl 

2 V 2k lilk 



A * x ,h 

reduced 



TIT (11-158) 



2 3 ' 2 (k M ) 

* * 

Then, from Eq. (11.67), A c . 9 the displacement of c 1 is the eccentricity e given by Eq. 
20 (11.113) times (Eq. (11.158)): 

A c> = eA nduced = XS Y ± = 2 5/2 (fc^) 174 (11.159) 

Thus, during bond formation, the perturbation of the orbit determined by an inverse- 
squared force results in simple harmonic oscillatory motion of the orbit, and the 
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corresponding frequency, o(0) , for a hydrogen-type molecular ion H$ (1/ p) given by Eqs. 
(11.136) and (11.145) is 



CO 



(0) = pt pSt = p\ l— — = j> 2 4.449 X 10" mta/* (11.160) 



where the reduced nuclear mass of hydrogen given by Eq. (1 1 . 1 54) is 
5 M = 0.5m p (11.161) 

and the spring constant, k(0) , given by Eqs. (1 1.136) and (1 1 .145) is 

k(0) = p 4 165.5lNtn l (11.162) 

The transition-state vibrational energy, E^ b (0) , is given by Planck's equation (Eq. (1 1.127)): 

£ vfi (0) = ft© = /ip 2 4.44865 X 10 14 racf/.y = /> 2 0.2928 (11.163) 

10 The amplitude of the oscillation, (0) , given by Eq. (1 1 .158) and Eqs. (1 1 .161-1 1 . 162) 
is 

A / nX -Jh 5.952X10- n m ftl10 ,a 0 

4.w(0) = -rr7- — ^r = -0.1125-s- (11.164) 

2 3/2 (/7 4 I65.51Mn- 1 //) /> 
Then, from Eq. (11.67), A c .(0), the displacement of c* is the eccentricity e given by Eq. 
(11.113) times 4^(0) (Eq. (11.164)): 

The spring constant and vibrational frequency for the formed molecular ion are then obtained 
from Eqs. (11.136) and (11.141-11.145) ,using the increases in the semimajor axis and 

internuclear distances due to vibration in the transition state. The vibrational energy, E vib (l) , 

for the HI (\f p) d = \-*u = Q transition given by adding A c ,(0) (Eq. (11.159)) to the 
20 distances a and a+c' in Eqs. (11.145) and (11.163) is 

E ylb (\) = p 7 0210eV (11.166) 

« 

where o is the vibrational quantum number. 

A harmonic oscillator is a linear system as given by Eq. (11.146). In this case, the 
predicted resonant vibrational frequencies and energies, spring constants, and amplitudes for 

25 (1/ p) for vibrational transitions to higher energy v t -» u f are given by [p f -y,) times 
the corresponding parameters given by Eq. (11.160) and Eqs. (11.162-11.164). However, 
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excitation of vibration of the molecular ion by external radiation causes the semimajor axis 
and, consequently, the internuclear distance to increase as a function of the vibrational 
quantum number u . Consequently, the vibrational energies of hydrogen-type molecular ions 
are nonlinear as a function of the vibrational quantum number o , The lines become more 

5 closely spaced and the change in amplitude, bA ndactd , between successive states becomes 
larger as higher states are excited due to the distortion of the molecular ion in these states. 
The energy difference of each successive transition of the vibrational spectrum can be 
obtained by considering nonlinear terms corresponding to anharmonicity. 

The harmonic oscillator potential energy function can be expanded about the 

10 internuclear distance and expressed as a Maclaurin series corresponding to a Morse potential 
after Karplus and Porter (K&P) [14] and after Eq. (11.134). Treating the Maclaurin series 
terms as anharmonic perturbation terms of the harmonic states, the energy corrections can be 
found by perturbation methods. The energy v v of state v is 

* 

» 

v„=i*» 0 -u(t>-l)© 0 x 0 , 0 = 0,1,2,3... (11.167) 

15 where 

a> o x 0 =^ (H-168) 

co 0 is the frequency of the i> = 1 -> i> = 0 transition corresponding to Eq. (11.166), and D 0 is 
the bond dissociation energy given by Eq. (11.198). From Eqs. (11.166), (11.168), and 
(11.198), 



100/jc 



8.06573JH0 3 — /0.270 eV 
20 a> n x n = ^ ~ — T^-crn 1 (11.169) 



4e(/? 2 2.535 eV+p* 0.1 18755 eV) 

The vibrational energies of successive states are given by Eqs. (1 1 . 1 66-1 1 . 1 67) and (1 1 . 1 69). 

Using Eqs. (11.145), (11.158-11.160), (11.162-11.169), and (11.199) the 
corresponding parameters for deuterium-type molecular ions with 



(11.170) 



25 are 



o (0) = ^|M = / | 65 - 6 ^ w "' =p 2 3.U7X 10 14 radiansls (11.171) 

k{0) = p 4 165.65 M*" 1 (11.172) 
E yn ,(0) = p 2 0201UeV (11.173) 
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4— 'W" ^/ u« MV -, V" = n = 0-09457-^ (11.174) 

m 

= ^0.193*7 (1U75) 



WOhc 



f -i 

8.06573JO0 3 — /> 2 0.193 eV 
_ eV , 

^ = 4.(^2.5770 .K + ^0.H8811.r) ^ . (1U?6) 

The vibrational energies of successive states are given by Eqs. (1 1 . 1 67) and ( 1 1 . 1 75- 1 1 . 1 76). 

5 

THE DOPPLER ENERGY TERM OF HYDROGEN-TYPE MOLECULAR 
IONS 

As shown in the Vibration of Hydrogen-type Molecular Ions section, the electron orbiting the 

» 

nuclei at the foci of an ellipse may be perturbed such that a stable reentrant orbit is 
10 established that gives rise to a vibrational state corresponding to time harmonic oscillation of 
the nuclei and electron. The perturbation is caused by a photon that is resonant with the 
frequency of oscillation of the nuclei wherein the radiation is electric dipole with the 
corresponding selection rules. 

. Oscillation may also occur in the transition state. The perturbation arises from the 
1 5 decrease in interauclear distance as the molecular bond forms. Relative to the unperturbed 
case given in the Force Balance of Hydrogen-type Molecular Ions section, the reentrant orbit 
may give rise to a decrease in the total energy while providing a transient kinetic energy to the 
vibrating nuclei. However, as an additional condition for stability, radiation must be 
considered. Regarding the potential for radiation, the nuclei may be considered point charges. 
20 A point charge undergoing periodic motion accelerates and as a consequence radiates 
according to the Larmor formula (cgs units) [15]: 

^fjM 2 (11.177) 

where e is the charge, v is its acceleration, and c is the speed of light. The radiation has a 
corresponding force that can be determined based on conservation of energy with radiation. 

25 The radiation reaction force, F rad , given by Jackson [16] is 

* 

F »i = 37 V (11.178) 
Then, the Abraham-Lorentz equation of motion is given by [ 1 6] 
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m 



< 2 e 2 ' 

V rV 

v 3 mc 



= F cxt (11.179) 



where is the external force and m is the mass. The external force for the vibrating 



system is given by Eq. (1 1 .146). 

F^=Ax (11.180) 

5 where x is the displacement of the protons along the semimajor axis from the position of the 
initial foci of the stationary state in the absence of vibration with a reentrant orbit of the 
electron. A nonradiative state must be achieved after the emission due to transient vibration 
wherein the nonradiative condition given by Eq. (1 1 .24) must be satisfied. 

As shown in the Resonant Line Shape and Lamb Shift section, the spectroscopic 

10 linewidth arises from the classical rise-time band-width relationship, and the Lamb Shift is 
due to conservation of energy and linear momentum and arises from the radiation reaction 
force between the electron, and the photon. The radiation reaction force in the case of the 
vibration of the molecular ion in the transition state corresponds to a Doppler energy, E D , 

that is dependent on the motion of the electron and the nuclei. The Doppler energy of the 
1 5 electron is given by Eq. (2. 1 46) 



* 

where E R is the recoil energy which arises from the photon's linear momentum given by Eq. 
(2,141), E K is the vibrational kinetic energy of the reentrant orbit in the transition state, and 

M is the mass of the electron m e . 

20 As given in the Vibration of Hydrogen-Type Molecular Ions section, for inverse- 

squared central field, the coefficient of x in Eq. (11.135) is positive, and the equation is the 
same as that of the simple harmonic oscillator. Since the electron of the hydrogen molecular 
ion is perturbed as the internuclear separation decreases with bond formation, it oscillates 
harmonically about the semimajor axis given by Eq. (11.116), and an approximation of the 

25 angular frequency of this oscillation is 





fl) = F — 01-182) 



From Eqs. (1 1 . 1 1 5), (1 1 . 1 1 7), and (1 1 . 1 1 9), the central force terms between the electron MO 

i 

and the two protons are 



WO 2007/051078 PCT/US2006/042692 

50 

w v 2pe 2 

and 

Thus, the angular frequency of this oscillation is 



co = 



2pe- 



Arcs, 



2a H 



A ~~~ = ^ 2 -06538JSr 10 16 rod Is (11.185) 

2$ 

where the semimajor axis, a, is * = -y- according to Eq. (11.116) including the reduced 

electron mass. The kinetic energy, E K , is given by Planck's equation (Eq. (1 1.127)): 

E K =ha> = hp 2 2.06538 X 10 16 radls^ p 7 : 13. 594697 eV (11.186) 
In Eq. (11.181), substitution of the total energy of the hydrogen molecular ion, E T9 (Eq. 
10 (11.125)) for E hf7 the mlass of the electron, m e , for M , and the kinetic energy given by Eq. 
(1 1 . 1 86) for E K gives the Doppler energy of the electron for the reentrant orbit. 



Mc' 



E d = ^J^TT = V 16.28034 eVJ T^ 1^ = -»*0.1 18755 



(11.187) 

The total energy of the molecular ion is decreased by E D . 

15 In addition to the electron, the nuclei also undergo simple harmonic oscillation in the 

transition state at their corresponding frequency given in the Vibration of Hydrogen-Type 
Molecular Ions section. On average, the total energy of vibration is equally distributed 
between kinetic energy and potential energy [17]. Thus, the average kinetic energy of 
vibration corresponding to the Doppler energy of the electrons, E Kvfb , is 1/2 of the vibrational 

20 energy of the molecular ion given by Eq. (11.166). The decrease in the energy of the 
hydrogen molecular ion due to the reentrant orbit in the transition state corresponding to 
simple harmonic oscillation of the electron and nuclei, E osc , is given by the sum of the 
corresponding energies, E D and E Kvib . Using Eq. (11.187) and E vtb from Eq. (11.166) gives 
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E osc~ E D+ E Kvlb : = E D + 




= V0.1 18755 eV^-p 1 (0.29282 eV) 



(11.188) 



(11.189) 



To the extent that the MO dimensions are the same, the electron reentrant orbital 
energies E K are the same independent of the isotope of hydrogen, but the vibrational energies 

5 are related by Eq. (11,148). Thus, the differences in bond energies are essentially given by 
1/2 the differences in vibrational energies. Using Eq. (11.187) with the deuterium reduced 
electron mass for E T and E D , and E^ for Z) 2 * (1/ p) given by Eq. (1 1.173), that corresponds 

to the deuterium reduced nuclear mass (Eq. (11.1 70)), the corresponding . E is 



Ksc = V0.1 1881 1 eV+- p 2 (0.20714 eV) 



(11.190) 



10 



TOTAL, IONIZATION, AND BOND ENERGIES OF HYDROGEN AND 
DEUTERIUM MOLECULAR IONS 

The total energy of the hydrogen molecular ion which is equivalent to the negative of the 
ionization energy is given by the sum of E T (Eqs. (1 1.121) and (11.125)) and given by 

15 Eqs. (11.185-11.188). Thus, the total energy of the hydrogen molecular ion having a central 
field of +pe at each focus of the prolate spheroid molecular orbital including the Dopplef 
term is- 



Er-K+V^T+.E^ 



(11.191) 



20 



Ej = —p ' 



%ne 0 a H 



(41n3-l-21n3) 







2e 2 






2*| 


4xe 0 {2a H f 




l+p\ 




2 \j M 


m e c 2 



= -p 2 \6.2meV-p i 0.imileV+-p 1 h \- 



(11.192) 



2 v M 

From Eqs. ( 1 1 . 1 89) and (1 1 . 1 9 1 - 1 1 . 1 92), the total energy for hydrogen-type molecular ions is 
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E T = -p 2 16.28033 eV + E c 



osc 



= -/l6.28033 eV-p 3 0.118755 eV + - p 1 (0.29282 eV) (11.193) 

= -^ 2l 6.13392 eK-p 3 0.1 18755 
The total energy of the deuterium molecular ion is given by the sum of E T (Eq. (11.125)) 

corrected for the reduced elec^on mass of D and £ 0JC given by Eq. (1 1 .190): 



E T = -p 2 16.284 eV + E, 



OSC 



= -p 2 16.284 eV-p 3 0.UmieV+-p 1 (0.20714 eV) (11.1 94) 

= -/l6.180*F-/0.118811*K 
5 The bond dissociation energy, E D9 is the difference between the total energy of the 

corresponding hydrogen atom or H(l/p) atom [18-19], called hydrino atom having a 

principal quantum number 1 / p where p is an integer, and E T . 

E D =E(H(l/p))-E T (11.195) 

where [18] 

r 

10 £(i/(l//>)) = -p 2 13.59844eF (11.196) 

and [19] 

E(D(l/p)) = -p 2 U.603eV (11.197) 
The hydrogen molecular ion bond eneigy, E D , is given by Eq. (11.193) with the reduced 
electronmass andEqs. (11.195-11.196): 

£ D =-/> 2 13.59844-£ r 

15 =-p 2 13.59844-(- j p 2 16.13392eF-/7 3 0.118755.er) (11.198) 

= p 2 2.535 eV + p 3 0A 18755 eV 

The deuterium molecular ion bond energy, E D , is given by Eq. (11.194) with the reduced 

electron mass of D and Eqs. (11.195) and (11.197): 

£ D =-^ 2 13.603-£j. 

= -/7 2 13-603-(-/l6.180eF-^ 3 0.118811 eF) (11.199) 

= p 2 2.5770 eV + /0.118811 eV 



20 HYDROGEN-TYPE MOLECULES 
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FORCE BALANCE OF HYDROGEN-TYPE MOLECULES 

Hydrogen-type molecules comprise two indistinguishable electrons bound by an elliptic field. 
Each electron experiences a centrifugal force, and the balancing centripetal force (on each 
electron) is produced by the electric force between the electron and the elliptic electric field 
5 and the magnetic force between the two electrons causing the electrons to pair. In addition to 
nonradiation, the angular frequency given by Eq. (11.24) corresponds to a Lorentzian 
invariant magnetic moment of a Bohr magneton, n B > as given in the Magnetic Moment of an 

Ellipsoidal MO section. The internal field is uniform along the major axis, and the far field is 
that of a dipole as shown in the Magnetic Field of an Ellipsoidal MO section. The magnetic 

10 force is derived by first determining the interaction of the two electrons due to the field of the 
outer electron 2 acting on the magnetic moments of electron 1 and vice versa. Insight to the 
behavior is given by considering the physics of a single bound electron in an externally 
applied uniform magnetic field as discussed in the Two-Electron Atoms section. The 
orbitsphere-cvf and the uniform current- (charge-) density function Yq (0,$) was given in the 

15 Orbitsphere Equation of Motion for ^=0 section and Appendix III. The resultant angular 
momentum projections of the spherically-symmetric orbitsphere current density, J^°(0,^), 

h h 

are L = - and L = - . As shown in the Resonant Precession of the Spin-l/2-Current- 

Density Function Gives Rise to the Bohr Magneton section, the electron spin angular 
momentum gives rise to a trapped photon with ft of angular momentum along an S -axis. 
20 Then, the spin state of an orbitsphere comprises a photon standing wave that is phase- 
matched to a spherical harmonic source current, a spherical harmonic dipole Y" {0 y (f) = sin0 

with respect to the S -axis. The dipole spins about the S -axis at the angular velocity given by 
Eq.(l .55) with ft of angular momentum, S rotates about the z-axis at the Larmor frequency 

at 0 = — such that it has a static projection of the angular momentum of 
3 

25 S n = ±ftcos— = ±- i z as given by Eq. (1.85), and from Eq. (1 .84), the projection of S onto 

3 2 * 

TV 

the transverse plane (xy-plane) is S x = ft sin -j = h R • Then, the vector projection of the 
radiation-reaction-type magnetic force of the Two Electron Atom section given by Eqs. (7.24) 
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and (7.31) contain the factor ^h. This represents the maximum projection of the time- 
dependent magnetic moment onto an axis of the spherical-central-force system. 

The orbitsphere can serve as a basis element to form a molecular orbital (MO). The 
total magnitude of the angular momentum of h is conserved for each member of the linear 
5 combinations of Y* (0, <j>) r s in the transition from the 7 0 ° (0, <f>) f s to the MO. Since the charge 

and current densities are equivalent by the ratio of the frequency, the solution of Laplace f s 
equation for the charge density that is an equipotential energy surface also determines the 
current density. The frequency and the velocity are given by Newton's laws. Specifically, the 
further constraint from Newton's laws that the orbital surface is a constant total energy surface 

10 and the condition of nonradiation provide that the angular velocity of each point on the 
surface is constant, the current is continuous and constant, and determines the corresponding 
velocity function. In non-spherical coordinates, the nonuniform charge distribution given by 
Laplace's equation is compensated by a nonuniform velocity distribution such that the 
constant current condition is met. Then, the conservation of the angular momentum is 

15 provided by symmetrically stretching the current density along an axis perpendicular to the 
plane defined by the orthogonal components of angular momentum. The angular momentum 
projection may be determined by first considering the case of the hydrogen molecular ion. 
Specifically, the angular momentum must give the results of the Stern-Gerlach experiment as 
shown for atomic electrons and free electrons in the Resonant Precession of the Spin- 1/2- 

20 Current-Density Function Gives Rise to the Bohr Magneton section and Stern-Gerlach 
Experiment section, respectively. 

The hydrogen-molecular-ion MO, and all MOs in general, have cylindrical symmetry 
along the bond axis. Thus, for the hydrogen molecular ion, the two orthogonal semiminor 
axes are equivalent and interchangeable. Then, in general, (0,<fi) can serve as a basis 
25 element for an MO having equal angular momentum projections along each of the semiminor 
axes. This defines the plane and the orthogonal axis for stretching the 1^(0,0) basis 

element to form the MO. Thus, to conserve angular momentum, Y° is stretched along 

the semimajor axis as shown in Figure 2. This gives rise to an ellipsoidal surface comprised 
of the equivalent of elliptical-orbit, plane cross sections in the direction parallel to the 
30 semimajor axis with equal angular momentum projections along the orthogonal semiminor 
axes when the basis element has equal orthogonal angular momentum components. 
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As shown in the Exact Generation of Y£(0,<f>) from the Orbitsphere-cvf section, the 
orbitsphere is comprised of the uniform function (9,tj>) corresponding to STEP ONE 

I? (0,<*>) corresponding to STEP TWO having the angular momentum components L v = ^ 

ft 

5 and L, = -. These components are separable. Then, the basis element tf(0,<j>) for the 

construction of an MO that conserves the total magnitude of the angular momentum of % 
(Eq. (1.57)) that matches the MO conditions of equal orthogonal components of angular 
momentum along each semirninor axis is a single 7 0 °(<9,<*) that is generated according to 
STEP TWO but with twice the angular momentum in each great-circle basis element to give 

10 L =| andL,=-. 
* 2 . * 2 

Now consider the behavior of the hydrogen molecular ion in a magnetic field. As 
shown in the Resonant Precession of the Spin-l/2-Current-Density Function Gives Rise to the 
Bohr Magneton section, the photon angular momentum corresponding to the resonant 
excitation of the Larmor excited state is ft, and the angular momentum change corresponding 

15 to the spin-flip transition is also h. Furthermore, torque balance for the orbitsphere was 
determined by considering the energy minimum due to the interaction of the magnetic 
moments corresponding to the components of angular momentum. In the case of the 
hydrogen molecular ion, the Larmor-excitation photon carries ti of angular momentum that 
gives rise to a prolate spheroidal dipole current about an S -axis in the same manner as in the 

20 case of the spherical dipole of the Larmor excited orbitsphere shown in Figures 1.15 and 1.16 
in Chapter 1. The former are given by the prolate angular function, which comprises an 
associated Legendre function P e m (77) [20], and the latter comprises the spherical harmonic 
dipole 7" (G,<fi) = sin0 , Both are with respect to the S -axis. For hydrogen molecular ion, 

^ of intrinsic spin is along each of the semirninor axes of the prolate spheroidal MO. Torque 

25 balance is achieved with S along the semimajor axis as shown in Figure 3. Thus, the Larmor 
excitation is along the semimajor axis. In general, all bonds are cylindrically symmetrical 
about the internuclear or semimajor axis; thus, the Larmor precession occurs about the bond 
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axis of an MO wherein the intrinsic angular momentum components rotate about S at the 

Larmor frequency. 

In the coordinate system rotating at the Larmor frequency (denoted by the axes labeled 
X R , Y R9 and Z R in Figure 2), the angular momentum of S of magnitude ti is stationary. The 

h ft 

5 1^ -component of magnitude — and the Z R -component of magnitude — rotate about S at the 

2 2 

Larmor frequency. The rotation occurs due to a resonant excitation that results in a balance 
between the magnetic moment of S of fi B corresponding to its angular momentum of ft (Eq. 

h 

(28) of Box 1.3 and Eq. (2.65)) and those of the orthogonal - angular momentum 

components along Z R and Y R - of 

1 0 Then, the S -axis is the direction of the magnetic moment of each unpaired electron of 

*■ ' .•.•»• " ■ . . ■ 

a molecule or molecular ion. The magnetic moment of S of fi B corresponding to its h of 

angular momentum is consistent with the Stern-Gerlach experiment wherein the Larmor 
excitation can only be parallel or antiparallel to the magnetic field in order to conserve the 
angular momentum of the electron, the photon corresponding to the Larmor excitation, and 
15 the H of angular momentum of the photon that causes a 180° flip of the direction of S. The 
result is the same as that for the atomic electron and the free electron given in the Resonant 
Precession of the Spin-l/2-Current-Density Function Gives Rise to the Bohr Magneton 
section and Stern-Gerlach Experiment section, respectively. The magnetic field is given in 
the Magnetic Field of an Ellipsoidal Molecular Orbital section. 

20 

Next, consider the magnetic-pairing force of the hydrogen molecule due to the spin- 
angular-momentum components. The magnetic moments of electrons 1 and 2 of the 
hydrogen molecule cancel as they are spin paired to form an energy minimum at the radius 
(i.e. rj = r 2 ). The magnetic force follows the derivation for that between the electrons of two- 

25 electron atoms as given in the Two-Electron Atoms section. The latter force was derived by 
first determining the interaction of the two electrons due to the field of the outer electron 2 
acting on the magnetic moments of electron 1 and vice versa. It was also given by the 
relationship between the angular momentum, energy, and frequency for the transition of 
electron 2 from the continuum to the ground state. The magnitude of the magnetic force 

30 given by Eqs. (7.24) and (7.31) is equivalent to that of the centrifugal force given by Eqs. 
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4 

(7.1-7.2) multiplied by — times the magnitude of the photon angular momentum vector that 

Zti 

precesses at the Larmor frequency given by Eq. (7.4). In the present case of hydrogen-type 
molecules, the radiation-reaction-type magnetic force arises between the electrons, each 
having the components shown in Figure 3. With the photon angular momentum projection of 

5 ft and the total nuclear (non-photon-field) of 2, the magnitude of the magnetic force between 
the two electrons is 1/2 that of the centrifugal force given by Eq. (1 1 .95). 

The hydrogen-type molecule is formed by the binding of an electron 2 to the 
hydrogen-type molecular ion comprising two protons at the foci of the prolate spheroidal MO 
of electron 1. The ellipsoids of electron 1 and electron 2 are confocal; thus, the electric fields 

10 and the corresponding forces are normal to the each MO of electron 1 and electron 2. The 
two electrons are bound by the central field of the two protons as . in the case of the molecular 
ion. Since the field of the protons is only ellipsoidal on average, the field of the hydrogen- 
type molecular ion is not equivalent to an ellipsoid of charge +1 outside of the electron MO. 
In addition there is a spin pairing force between the two electrons. Due to the force between 

1 5 electron 2 and electron 1 as well as the central force of the protons, the balance between the 
centrifugal force and the central field of electron 2 of the hydrogen-type molecule formed by 
electron 2 binding to a hydrogen-type molecular ion also given by Eq. (11.115). The force 
balance between the centrifugal force and the sum of the Coulombic and magnetic spin- 
pairing forces to solve for the semimajor axis is 

20 



J^D = -^-^D+ n \ t2 D (11.200) 
ma 2 b 2 Zneab 1 2ma 2 b 2 



2a. a 



O —Q 



pa pa 



= 1 (11.201) 



(11.202) 



Substitution of Eq. (1 1.202) into Eq. (1 1.79) is 



25 C ' = Jj2 a ° (1L2 ° 3) 

The internuclear distance given by multiplying Eq. (1 1 .203) by two is 

2c' = 3^ (11.204) 
P 

Substitution of Eqs. (1 1.202-1 1.203) into Eq. (1 1.80) is 
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b = C = -^j2 a ° (U-205) 
Substitution of Eqs. (1 1.202-1 1.203) into Eq. (1 1.67) is 

■ft (H.206) 



e = 



For hydrogen, r{t)^D for 9 = n^ 9 /i = 0,l,2,3,4. Thus, there is no dipole moment and the 

5 molecule is not predicted to be infrared active. However, it is predicted to be Raman active 
due to the quadrupole moment The liquefaction temperature of H 2 is also predicted to be 
significantly higher than isoelectronic helium. 



ENERGIES OF HYDROGEN-TYPE MOLECULES 

10 The energy components defined previously for the molecular ion, Eqs. (11.117), (11.119), 
(1 1.120), and (1 1.121), apply in the case of the corresponding molecule except that all of the 
field lines of the protons must end on the MO comprising two-paired electrons. With spin 
pairing of the mirror-image-current electrons, the scaling factors due to the non-ellipsoidal 
variation of the electric field of the protons is unity as in the case of the sum of squares of 

15 spherical harmonics. Thus, the hydrogen-type molecular energies are given by the integral of 
the forces without correction. Then, each molecular-energy component is given by the 
integral of corresponding force in Eq. (1 1.200) where each energy component is the total for 
the two equivalent electrons with the central-force action at the position of the electron MO 
where the parameters a and b are given by Eqs. (1 1 .202) and (1 1 .205), respectively. 

20 The potential energy, V e , of the two-electron MO comprising equivalent electrons in 

the field of magnitude p times that of the two protons at the foci is 



Ans n 2D 1 R, 



o i i 

2 » 



Sxeja 2 -b 2 a-yja 2 -b 2 
which is equivalent to Ze = 2pe times the potential of the MO given by Eq. (1 1.46) after Eq. 
(11.114). The potential energy, V P , due to proton-proton repulsion in the field of magnitude 
25 p times that of the protons at the foci (£ = 0) is 
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v p e 

' t™, -Ja 2 -b 2 ' 



(11.208) 



The kinetic energy, T , of the two-electron MO of total mass 2m e is 



2m e a 2 b 2 2D j R ( 



-n 



2 » 
-J 



2m t aj(4+b)ylf^ 



(11.209) 



In 



2m t a4a 2 -b 2 *" a - 

The magnetic energy, V m , of me two-electron MO of total mass 2m e corresponding to the 
5 magnetic force of Eq. (11.200) is 



V =2— 
m 2(2m e )d 2 b : 



D 



ab l (d4 



2D I R ( 



n J 



4m e aj(£+b)j4+a 



(11.210) 



-ti 



In 



a+yja 2 ~b 2 
4maja 2 -b 2 "a- yja 2 -b 2 

c 

The total energy, E T , is given by the sum of the energy terms (Eqs. (1 1 .207-1 1 .210)): 



E T = V e +T+V m +V p 



E T = -13.60 eV 



2p 2 j2-p 2 jl+2- 



\ 



A. 



In 



>/2~+l 
V2-1 



-P 2 J2 



(11.211) 



= - j p 2 31-63 (11.212) 



10 where a and b are given by Eqs. (11.202) and (11.205), respectively. The total energy, 
which includes the proton-protori-repulsion term is negative which justifies the original 
treatment of the force balance using the analytical mechanics equation of an ellipse that 
considered only the binding force between the protons and the electrons and the electron 
centrifugal force. As shown by Eqs. (11,290) and (11.292), T is one-half the magnitude of 

15 V e as required for an inverse-squared force [1] wherein V e is the source of T . 



VIBRATION OF HYDROGEN-TYPE MOLECULES 

The vibrational energy levels of hydrogen-type molecules may be solved in the same manner 
as hydrogen-type molecular ions given in the Vibration of Hydrogen-type Molecular Ions 
20 section. The corresponding central force terms of Eq. (1 1 .136) are 
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/(«)- 



(11.213) 



and 



/'(«) = 



(11.214) 



The distance for the reactive nuclear-repulsive terms is given by the sum of the semimajor 
5 axis, a, and c\ 1/2 the internuclear distance. The contribution from the repulsive force 
between the two protons is 

pe 2 



f{a+c>) = 



(11.215) 



and 



/•(« + *') = 



pe 



4ne 0 (a+c*) 

10 Thus, from Eqs. (1 1.136) and (1 1 .213-1 1.216), the angular frequency of the oscillation is 



(11.216) 



co = 



2 

pe 


pe. 






M 




pe 



I V2j 


\3 





= p 2 8.62385X10 u rarf/* 



(11.217) 



where the semimajor axis, a, is a = — according to Eq. (11.202) and c % is c' = — 7= 
according to Eq. (11.203). Thus, during bond formation, the perturbation of the orbit 

* 

1 5 determined by an inverse-squared force results in simple harmonic oscillatory motion of the 
orbit, and the corresponding frequency, co(0) , for a hydrogen-type molecule H 2 (1/ p) given 

by Eqs. (11.136) and (11.145) is 



4 • 



.-1 



»( 0 ).yJM, ^ m^JM -JumUXW radiants 



(11.218) 



where the reduced nuclear mass of hydrogen is given by Eq. (1 1.161) and the spring constant, 
20 *(0), given by Eqs. (11. 136) and (11. 217) is 

k(0) = p*62l.9&Ntn l (11.219) 

The transition-state vibrational energy, E vib (0) , is given by Planck's equation (Eq. (1 1 .127)): 
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E vli (0) = ftfl) = ftp 2 8.62385X 10 u tad Is = p 1 0.56764 eV (11.220) 
The amplitude of oscillation, ^ (0) , given by Eqs. ( 1 1 . 1 5 8), (1 1 . 1 6 1 ), and (1 1 .2 1 9) is 



A , w (0) = ^ 4.275^ 10-" W =0 08()79 ^ 221) 



Then, from Eq. (11.67), 4.(0), the displacement of c* is the eccentricity e given by Eq. 
5 (1 1.206) times ^,,(0) (Eq. (11.221)): 

*M-<~<°>-4^-^-*^ (1U22) 

The spring constant and vibrational frequency for the formed molecule are then obtained from 
Eqs. (1 1.136) and (1 1.213-1 1.222) using the increases in the semimajor axis and internuclear 
distances due to vibration in the transition state. The vibrational energy, (l) , for the 

10 H 2 (l/p) o = 1 u m 0 transition given by adding A c , (0) (Eq. (1 1 .222)) to the distances a 

and a + c'inEqs. (11.213-11.220) is ' 

E vib (l) = p 2 0.517eV (11.223) 
where o is the vibrational quantum number. Using Eq. (11.176) with Eqs. (11.223) and 
(1 1.252), the anharmonic perturbation term, o 0 x 0 , of H 2 (1/ p) is 



lOOhc 
15 0) Q x Q = - 



8.06573JH0 3 ^L-p 2 0.5l7eV 

eV 



cm' 1 (11.224) 



4e(/> 2 4.151 eV+ ^0.326469 eV) 
where a% is the frequency of the l> = 1 u = 0 transition corresponding to Eq. (1 1.223) and 
D Q is the bond dissociation energy given by Eq. (11.252). The vibrational energies of 

successive states are given by Eqs. (11.167) and (11.223-11.224). 

Using the reduced nuclear mass given by Eq. (1 1.170), the corresponding parameters 

20 for deuterium-type molecules D 2 (l/ p) (Eqs. (11.213-11.224) and (11.253)) are 



CO 



(0) f *M = p 2 621 98 Nnfl = p 2 6.09798 X 10 M radians Is (11.225) 



M 

-i 



k (0) = p 4 621 .98 Wot" 1 (1 1 -226) 

E ylb (0) = p 1 0.4014 (1 1.227) 
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^W %af T-f- „ <w - " WJr '' r "- - 0.06794^ (1..228) 

2 3/2 (p 4 621.98M?T 1 /<) i> P 

S*(l)»p 2 0.371 eK ( 1L229 > 

flVo 7^ r~ ^-cro' 1 (11.230) 

0 0 4e(/? 2 4.229 eV + p 3 0.326469 cK) 

The vibrational energies of successive states are given by Eqs. (1 1.167) and (1 1.229-1 1 .230). 

5 

THE DOPPLER ENERGY TERM OF HYDROGEN-TYPE MOLECULES 

The radiation reaction force in the case of the vibration of the molecule in the transition state 
also corresponds to the Doppler energy, E D9 given by Eq. (11.181) that is dependent on the 

motion of the electrons and the nuclei. Here, a nonradiative state must also be achieved after 
10 the emission due to transient vibration wherein the nonradiative condition given by Eq. 
(11.24) must be satisfied. Typically, a third body is required to form hydrogen-type 
molecules. For example, the exothermic chemical reaction of H + H to form H 2 does not 
occur with the emission of a photon. Rather, the reaction requires a collision with a third 
body, Af , to remove the bond energy— H+H+M -~>H 2 +M* [21], The third body 

15 distributes the energy from the exothermic reaction, and the end result is the H 2 molecule 

and an increase in the temperature of the system. Thus, a third body removes the energy 
corresponding to the additional force term given by Eq. (11.180). From Eqs. (11.200), 
(11.207) and (11.209), the central force terms between the electron MO and the two protons 
are 

20 /(^) = -T £ ^T ( n - 231 > 

47ce 0 a 

and 

/t( a ) = j£fL (11.232) 
Thus, the angular frequency of this oscillation is 



pe 





r \ 3 


Atzs 0 







- = — 1 



= ^ 2 4.13414 X 10 16 radls (11.233) 
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where the semimajor axis, a, is a =3- according to Eq. (11.202). The kinetic energy, E K , 

P 

is given by Planck's equation (Eq. (1 1 .127)): 

E K =ho) = hp 2 4.134UX 10 16 rad I s = p 2 212U6 eV (11.234) 
In Eq. (1 1.181), substitution of the total energy of the hydrogen molecule, E T , (Eq. (11.212)) 
5 for , the mass of the electron, m e , for M , and the kinetic energy given by Eq. (1 1 ,234) for 
E K gives the Doppler energy of the electrons for the reentrant orbit 



E D s E fn,^^p- = -31.635/? 2 eVj _ 'J" J = -/0326469 eV (1 1.235) 

The total energy of the molecule is decreased by E D . 

In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
10 transition state at their corresponding, frequency given in the Vibration of Hydrogen-Type 
Molecules section. On average, the total energy of vibration is equally distributed between 
kinetic energy and potential energy [17]. Thus, the average kinetic energy of vibration 
corresponding to the Doppler energy of the electrons, E Kvtb , is 1/2 of the vibrational energy of 
the molecule given by Eq. (1 1 .148). The decrease in the energy of the hydrogen molecule due 

► 

15 to the reentrant orbit in the transition state corresponding to simple harmonic oscillation of 
the electrons and nuclei, E m , is given by Ihe sum of the corresponding energies, E D and 
E Kvlt> . Using Eq. (11.235) and E vlb from Eq. (11.220) gives 



S m = E D +E Xvlb =E D +-f^\l- (11.236) 

E osc =V 0.326469 g 7+ 1^(0.56764 eV) (11,237) 

20 To the extent that the MO dimensions are the same, the electron reentrant orbital 

energies, E K , are the same independent of the isotope of hydrogen, but the vibrational 
energies are related by Eq. (11.148). Thus, the differences in bond energies are essentially 
given by 1/2 the differences in vibrational energies. Using Eq. (11.235) and E yib for 

A (l / P) given by Eq, (1 1 .227), that corresponds to the deuterium reduced nuclear mass (Eq. 
25 (11.1 70)), the corresponding E 05C is 

= V0.326469 eV + \p z (0.401380 eV) (11.238) 
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TOTAL, IONIZATION, AND BOND ENERGIES OF HYDROGEN AND 
DEUTERIUM MOLECULES 

The total energy of the hydrogen molecule is given by the sum of E T (Eqs. (1 1 .21 1-1 1 .212)) 
5 and E osc given Eqs. (1 1 .233-1 1 .236). Thus, the total energy of the hydrogen molecule having 

■ 

a central field of + pe at each focus of the prolate spheroid molecular orbital including the 
Doppler term is 

£ r = K e + r+F M + F p +I asc (11.239) 



" E T =-p : 



10 



%7VEJX, 



o"0 



2-J2-J2 + 



V2 



A 



V2-1 







e 2 












m t c 2 


2 

J 




= -/j 2 31.635 eK-j? 3 0.326469 eV+-l 

2 if fi 

(11.240) 

From Eqs. (1 1 .237) and (1 1 .239-1 1 .240), the total energy for hydrogen-type molecules is 
E T =-p 2 3l.635eV+E 0SC 

1 (11.241) 

2" ' 

= -p 2 31.351 eV-p i 0.326469 eV 
The total energy of the deuterium molecule is given by the sum of Ej. (Eq. (1 1 .212)) and E osc 
15 given by Eq. (11.238): 



= -p 2 31.635 eK-/> 3 0.326469 eV +- p 2 (0.56764 eV) 

2 



E T = -p 2 31.6354eV + E i 



OSC 



1 _2 



= -^31.6354 eV-p % 0.326469 eV+-p 2 (0.401380 eV) 

2 



(11.242) 

= -p 2 31.4345 eF-/> 3 0.326469 eV 
The total energy, which includes the proton-proton-repulsion term is negative which justifies 
the original treatment of the force balance using the analytical mechanics equation of an 
ellipse that considered only the binding force between the protons and the electrons, the spin- 
20 pairing force, and the electron centrifugal force. 

> • • 

The first ionization energy of the hydrogen molecule, JJJ , 
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H 2 (\/p)^H+ 2 (\/p) + e- (11.243) 
is given by the difference of Eqs. (1 1 .193) and (1 1 .241): 
IP^E T (m(Vp))-E T (H 2 (Vp)) 

= -p 2 l6. 1 3392 eV - p 3 0. 1 1 8755 eV - (-p 2 3\ 35leV-p 3 0.326469 eV) (1 1 .244) 
= /15.2171 eV + yo.207714 eV 
The second ionization energy, IP 2 , is given by the negative of Eq. (1 1 . 1 93). 

5 /P 2 = ^ 2 16.13392eF + p 3 0.1 18755 eV (11.245) 

The first ionization energy of the deuterium molecule, ZF} , 

D 2 (l/p)-±D 2 v (\/p)+e- (11.246) 
is given by the difference of Eqs. (11.194) and (11.242): 

* 

f 

~ E T [ D 7 0 / P)) - E T ( A (! / P)) 

= -p 7 l6.l80eV-p*0.imileV-(-p 2 31A345eV-p > 0326469eV) (11.247) 
= /15.255 eV + /> 3 0.2077 eV 
1 0 The second ionization energy, IP 2 , is given by the negative of Eq. (1 1 . 1 94). 

IP 2 = p 2 l6.\80 eV + p 3 0Mmi eV (11.248) 
The bond dissociation energy, E D , is the difference between the total energy of the 
corresponding hydrogen atoms and E T 

E D = E{2H{\lp))-E T (1 1 .249) 

15 where [18] 

E(2H(Vp)) = -p 2 27.20eV (11.250) 
and [19] 

E(2D(l/p)) = -p 2 27.206eV (11.251) 
The hydrogen bond energy, E D , is given by Eqs. (1 1.249-1 1.250) and (1 1 .241): 
E D =-p 2 27.20eV-E T 

20 =- P 2 27.20eV-(-p 2 3l351eV-p 3 0326469eV) (11.252) 

= /> 2 4.151 eV + p 3 0.326469 eV 
The deuterium bond energy, E D , is given by Eqs. (1 1 .249), (1 1 .25 1), and (1 1 .242): 
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E D = -p 2 27.206 eV-E T 

= -p 2 27.206 eV-(-p 2 3 1.4345 eK-p 3 0.326469 eV) (11.253) 

= p 2 4.229 eF+ /0.326469 eV 



THE HYDROGEN MOLECULAR ION H 2 [2c' = 2a 0 ] + 



5 FORCE BALANCE OF HYDROGEN MOLECULAR ION 

Force balance between the electric and centrifugal forces is given by Eq. (11.115) where 
p = \ 

ft2 D = — — — tD (11.254) 



m t a 2 b 2 %ne 0 a}}' 
which has the parametric solution given by Eq. (1 1 .83) when 
10 a = 2a a (11.255) 

The semimajor axis, a , is also given by Eq. (1 1 . 1 1 6) where p = 1 . The intemuclear distance, 
2c ' , which is the distance between the foci is given by Eq. (1 1 . 1 1 1 ) where p = 1 . 

2c'=2a„ (11.256) 
The experimental intemuclear distance is 2a a . The semiminor axis is given by Eq. (11.112) 
15 where p = \. 

b = jia 0 (11.257) 
The eccentricity, e , is given by Eq. (11.1 13). 



1 

e = — 
2 



(11.258) 



20 ENERGIES OF THE HYDROGEN MOLECULAR ION 

The potential energy, V e , of the electron MO in the field of the protons at the foci (£ = 0) is 
given by Eq. (1 1 . 1 17) where p = 1 

-4e 2 ^ a-^v^g (11 . 259) 
%KsJa 2 -b 2 a-4a 2 -b 2 

The potential energy, V , due to proton-proton repulsion is given by Eq. (11.120) where 
25 p = l 
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e' 



V = — 

Z7V6^C?-b 2 



(11.260) 



The kinetic energy, T , of the electron MO is given by Eq. (1 1 . 1 1 9) where p = 1 



T = 



2W 



In 



a + yja 2 -b 2 



m. 



(11.261) 



i e aja 2 -b 2 a-Ja 2 -b 2 

Substitution of a and b given by Eqs. (1 1 .255) and (1 1.257), respectively, into Eqs. (1 1 .259- 
5 11.261) is 



V c = ~ Ae In 3 =-59.7575 eV 
*ne 0 a„ 



(11.262) 



V = 
p 



%ns 0 a H 



= 13.5984 eV 



(11.263) 



T = 



2e' 



%7ie B a k 



In 3 = 29.8787 eV 



(11.264) 



The Doppler term, £ eje , for hydrogen and deuterium are given by Eqs. (11.189) and (11.190), 
10 respectively, where » = 1 

1 



{ H i ) = E D + E Kvli = -0.1 1 8755 eV + ±(0.29282 e V) = 0.027655 
Eosc ( A + ) = -0.1 1881 1 eF+±(0.20714 eV) = -0.01524 eV 



(11.265) 



(11.266) 



The total energy, E T , for the hydrogen molecular ion given by Eqs. (11.191-11.193) is 



E T =- 



%ne a a H 







\ 2e 2 




l-21n3) 




Upe 0 (2a H f 


2 \m 

* 


m e c 2 



= -16.2803 eF-0.118811 eF+i(0.29282 eV) (11.267) 
= -16.2527 eV 

15 where in Eqs. (11.262-11.267), the radius of the hydrogen atom a„ (Eq. (1.287)) was used in 
place of a 0 to account for the corresponding electrodynamic force between the electron and 
the nuclei as given in the case of the hydrogen atom by Eq. (1.231). The negative of Eq. 
(1 1.267) is the ionization energy of H* and the second ionization energy, IP. , of H . From 
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Eqs! (11.191-11.192) and (11.194), the total energy, E T , for the deuterium molecular ion (the 
ionization energy of D 2 and the second ionization energy, IP 2 , of D 2 ) is 

E T =-16.284 eV-QA\m\eV+-(Q2mAeV) = -\6.299eV (11.268) 

2 

The bond dissociation energy, E D9 is the difference between the total energy of the 
5 corresponding hydrogen atom and E T . The hydrogen molecular ion bond energy, E D > 
including the reduced electron mass given by Eq. (1 1 . 1 98) where p = 1 is 

E D =2.535 eV + 0.1 18755 eV = 2.654 eV (11.269) 
The experimental bond energy of the hydrogen molecular ion [22] is 

E D = 2.651 eV (11.270) 

10 From Eq. (1 1.199) where p = 1 , the deuterium molecular ion bond energy, E D , including the 

* 

* 

reduced electron mass of D is 

£ D =2.5770eF + 0.118811eF = 2.6958eF (11.271) 

The experimental bond energy of the deuterium molecular ion [23] is 

E D =2.691 eV (11.272) 

15 

i * 

VIBRATION OF THE HYDROGEN MOLECULAR ION 

It can be shown that a perturbation of the orbit determined by an inverse-squared force results 
in simple harmonic oscillatory motion of the orbit [11]. The resonant vibrational frequency 

for H* given by Eq. (11.160) is 



20 o,(0) = j^ = j l65 - 51 J* m ~ l =4.449* 10" radians! s (11.273) 

wherein p - 1 . The spring constant, k (0) , for Hi given by Eq. (1 1 . 1 62) is 

k(0) = 165.51 NmT 1 (11.274) 
The vibrational energy, (0) , of H\ during bond formation given by Eq. (1 1 . 163) is 

E „i (0) = 0.29282 eV (11.275) 
25 The amplitude of oscillation given by Eq. (1 1 . 1 64) is 

A(0) = — 57J- = 5.952 X 10" 12 m = 0.1 125a a (1 1 .276) 

2 3/2 (l65:51M«- , /i) 



) 
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The vibrational energy for the Hi o = 1 -> o = 0 transition given by Eq. (1 1 . 1 66) is 

E vlb (1) = 0.270 eV (11.277) 

The experimental vibrational energy of Hi [14, 19] is 

E vlb =0.21\eV (11-278) 
5 The anharmonicity term of Hi given by Eq. (1 1.169) is 

a*- 5539 cm-* (U- 279 ) 
The experimental anharmonicity term of Hi from NIST [19] is 

«u -66.2 cm- 1 (H.280) 



The vibrational energy for the Z> 2 + l> = 1 -» u = 0 transition given by Eq. (1 1 .175) is 
10 E ylb =0.193 eV (11.281) 

4 

- * 

The vibrational energy of the Dl [19] based on calculations from experimental data is 

E^ =0.196 eV •' (11.282) 

The anharmonicity term of Dl given by Eq. (1 1 .176) is 

ct) 0 x 0 = 27.86 cot' 1 (11.283) 



15 The experimental anharmonicity term of Dl for the state X is not given, but the 



term for state B 2 Y *da from NIST [19] is 

a.x=2.62 cm' 1 d 1-284) 



e e 



THE HYDROGEN MOLECULE H 2 [2c • = 75a. ] 



20 

FORCE BALANCE OF THE HYDROGEN MOLECULE 

The force balance equation for the hydrogen molecule is given by Eq. (1 1.200) where p = 1 



__^2> = _J_Z> + _J_ D (11.285) 
m e a 2 b 2 %ne 0 ab 2 2m,a 2 b 2 

which has the parametric solution given by Eq. (1 1 .83) when 

25 a = a a (11.286) 

The semimajor axis, a , is also given by Eq. (1 1 .202) where p = 1 . The intemuclear distance, 

2c ' , which is the distance between the foci is given by Eq. (1 1 .204) where p = 1 . 



e = 
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2c' = V2a 0 (11.287) 

The experimental internuclear distance is yjla 0 . The semiminor axis is given by Eq. (1 1.205) 
where p — 1. 

,1 

b = j2 a ° (11.288) 
5 The eccentricity, e , is given by Eq. (1 1 .206). 

The finite dimensions of the hydrogen molecule are evident in the plateau of the resistivity 
versus pressure curve of metallic hydrogen [24]. 



10 ENERGIES OF THE HYDROGEN MOLECULE 

The energies of the hydrogen molecule are given by Eqs. (1 1.207-1 1.210) where p = 1 

-2e 2 a + \la 2 -b 2 

V < = Z TT^T^ n> "67.8358 eV (11.290) 

&xe o yla 2 -b 2 a -y/a 2 -b 2 ' 

V p=- ^— = 19.2415 (11.291) 

^ TT = ^ ln — rrrr = 339179 eV 0 1 -292) 

2m e a\J a-b l a-^ja -b 
1 5 The energy, V m , of the magnetic force is 

V* = 7- to^SL -16.9589 (11.293) 
4m e ayla 2 -b 2 a-Ja 2 -b 2 

The Doppler terms, £ 0JC , for hydrogen and deuterium molecules are given by Eqs. (11.237) 
and (1 1 .238), respectively, where p = 1 

3* c (# 2 ) = ^z> = -0.326469 ^+1(0.56764 eV) = -0.042649 (1 1.294) 

20 ^asc (A) = -0.326469 eF+^(0.401380 eF) = -0.125779 eV (11.295) 

The total energy, £ r , for the hydrogen molecule given by Eqs. (1 1 .239-1 1 .241) is 



WO 2007/051078 



PCT/US2006/042692 



71 



— < 



8ne 0 a„ 



2y/2-y/2 + 



ln#l-^' 
V2-1 











id 4 ™-" 3 * 




1+1 






m e c 2 





-31.635 eF-0.326469 eK+|(0.56764 eF) 
-31.6776 



(11.29 



6) 



From Eqs. (1 1 .239-1 1 .240) and (1 1 .242), the total energy, E^. , for the deuterium molecule is 



E T = -31.635 eV -0.326469 e^+- (0.40 1380 eV) = -31.7608 eV 

2. 



(11.297) 



(11.300) 



5 The first ionization energies of the hydrogen and deuterium molecules, IP X , (Eqs. (11.243) 
and (11. 246)). are given by the differences in the total energy of corresponding molecular ions 
and molecules which are given by Eqs. (1 1 .244) and (1 1 .247), respectively, where p = l : 

IP, (# 2 ) = 15.2171 eV + 0.207714 eV = 15.4248 eV (11.298) 
n\(D 3 ) = 15.255 eF+0.2077 eF = 15.4627 eV (11.299) 
10 The bond dissociation energy, E D , is the difference between the total energy of two of the 

corresponding hydrogen atoms and E T . The hydrogen molecular bond energy, E D , given by 

Eq. (1 1 .252) where p = 1 is 

E D =4.151 eF + 0.326469 ef = 4.478 eV . 

the experimental bond energy of the hydrogen molecule [22] is 
15 E D =4.478 eV 

The deuterium molecular bond energy, E D , given by Eq. (1 1.253) where p = 1 is 

E D =4.229 eV + 0.326469 eV = 4.556 eV 

The experimental bond energy of the deuterium molecule [22] is 
E D = 4.556 eV 

20 

VIBRATION OF THE HYDROGEN MOLECULE 

It can be shown that a perturbation of the orbit determined by an inverse-squared force results 
in simple harmonic oscillatory motion of the orbit [1 1]. The resonant vibrational frequency 
for H 2 given by Eq. (1 1 .2 1 8) is 



(11.301) 



(11.302) 



(11.303) 
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»(o) = ^p^i . 8>62385 x 10 m (11 304) 

The spring constant, k (0) , for H 2 given by Eq. ( 1 1 .2 1 9) is 

*(0) =621.98 Nm- 1 (11 . 30 5) 

wherein /> = 1 . The vibrational energy, E vlb (0) , of H 2 during bond formation given by Eq. 
5 (11.220) is 

(0) = 0.56764 eV (11 . 30 6) 
The amplitude of oscillation given by Eq. (1 1.221) is 

r— 

A{ ° )= ?>n( *™L» - \>» =4275X 10-12 m = °™° 7 *>o (H.307) 
2 (./? 621.98 Afa 

* * m 

r 

The vibrational energy for the H 2 v = 1 -» y = 0 transition given by Eq. (1 1 .223) is 
10 £, fi (l) = 0.517 *K (11 .308) 

* 

The experimental vibrational energy of H 2 [25-26] is 

£ v » (1) = 0.5159 (11 .309) 
The anharmonicity term of H 2 given by Eq. (1 1 .224) is 

a> Q x 0 =120.4 cm" 1 (11.310) 
15 The experimental anharmonicity term of H 2 from Huber and Herzberg [23] is 

a> e x e = 121.33 cm' 1 (11.311) 
The vibrational energy for the D 2 v = 1 v = 0 transition given by Eq. (1 1 .229) is 

£ wi = 0.371 eV (11<312) 
The experimental vibrational energy of D 2 [14, 1 9] is 
20 2^=0.371^ (11 .3 13) 

The anharmonicity term of D 2 given by Eq. (1 1.230) is 

a>o*„= 60.93 cm~ l (11.314) 
The experimental anharmonicity term of D 2 from NIST [19] is 



w e x e =61.82 cm" 1 (11.315) 
25 The results of the determination of the bond, vibrational, .total, and ionization 

energies, and internuclear distances for hydrogen and deuterium molecules and molecular 
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ions are given in Table 11.1. The calculated results are based on first principles and given in 
closed form equations containing fundamental constants only. The agreement between the 
experimental and calculated results is excellent. 

Despite the predictions of standard quantum mechanics that preclude the imaging of a 

5 molecule orbital, the full three-dimensional structure of the outer molecular orbital of N 2 has 
been recently tomographicaliy reconstructed [27]. The charge-density surface observed is 
similar to that shown in Figure 5 for H 2 which is direct evidence that electrons are not point- 
particle probability waves that have no form until they are "collapsed to a point" by 
measurement Rather they are physical, two-dimensional equipotential charge density 

10 surfaces. 
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Table 11.1. The calculated and experimental parameters of H 2 , D 2 , H 2 and D 2 . 



Parameter 


Calculated 


jtsxperuneniai 


xiqs. 


Ker. ior cxp. 


r^/ RnnH Rtierov 


4,478 eV 


4.478 eV 


11.300 


22 


O T^rvnH P.nerpv 


4.556 eV 


4.556 eV 


11.302 


22 


T T^" ~Qr\y\A Unarm) 

iz j oOna energy 


2.654 eV 


2.651 eV 


11.269 


22 


D 2 Bona Energy 


2.696 eV 


2.691 eV 


11.271 


23 


ii 2 lotairinergy 


31.677 eV 


31.675 eV 


11.296 


22, 28, 18° 


1^2 1 ouu energy 


3 1.760 eV 


31.760 eV 


11.297 


19, 23 b 


H 2 Ionization Energy 


15.425 eV 


15.426 eV 


11.298 


28 


D 2 Ionization Energy 


1 J.'tUJ cv 


15 466 eV 


11.299 


23 


H 2 Ionization Energy 




16.250 eV 


11.267 

# 


22,18 c 

* 


Dt Ionization Energy 


16.299 eV 


16.294 eV 


11.268 


A 

19, 23° 


ii 2 xviagneuc iviomerii 


9.274X10 JT 


9.274X10 JT 


13.1-13.7 


29 


Absolute H 2 Gas- 


-28.0 ppm 


-28.0 ppm 


11.411 


30-31 


Phase 










NMR Shift 










H 2 Mernuciear 


0.748 A 


A T/l 1 A 

U. (41 A 




32 


e 

Distance 










D 2 Mernuciear 


U. /46 A 




1 1 287 


32 


e 

Distance 


o 








i/ 2 Internuclear 


1 058 A 


1.06 A 


11.256 


22 


f 

Distance 










- i _ 

D 2 Internuclear 


1 A 

1 .\_f_JO XV 


1 0559 A 


11.256 


23 


e 

Distance 










i/ 2 Vibrational Energy 


n S 1 7 e V 

V.J 1 / v V 


0 516 eV 


11.308 


25, 26 


D 2 Vibrational Energy 


0.371 eV 


0.371 eV 


11.313 


14,19 


H 2 o c x e 


120.4 CW" 1 


121.33 cm" 1 


11.310 


23 


A *>A 


60.93 cw" 1 


61.82 cm' 1 


11.314 


19 


Vibrational Energy 


0.270 eV 


0.271 eV 


11.277 


14, 19 
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Vibrational Energy 
H 2 J=l to J=0 

e 

Rotational Energy 

D z J=l to J=0 

e 

Rotational Energy 

Hi J-l to J=0 

f 

Rotational Energy 

D 2 + J=l to J=0 

e 

Rotational Energy 



75 



0.193 eV 
0.0148 eV 



0.196 eV 
0,01509 eV 



PCT/US2006/042692 

11.281 19 
13.45 22 



0.00741 eV 



0.00755 eV 



13.37-13.45 



22 



0.00740 eV 



0.00739 eV 



13.49 



22 



0.00370 eV 



0.003723 eV 



13.37-13.43, 
13.49 



23 



a The experimental total energy of the hydrogen molecule is given by adding the first (15.42593 eV) [28] and 
second (16.2494 eV) ionization energies where the second ionization energy is given by the addition of the 

ionization energy of the hydrogen atom (12.59844 eV) [18] and the bond energy of H+ (2.651 eV) [22]. 

h 

The experimental total energy of the deuterium molecule is given by adding the first (15.466 eV) [23] and 
5 second (16.294 eV) ionization energies where the second ionization energy is given by the addition of the 

ionization energy of the deuterium atom (12.603 eV) [19] and the bond energy of D* ( 2 - 692 eV ) I 23 ]* 
C The experimental second ionization energy of the hydrogen molecule, IP 2 , is given by the sum of the 
ionization energy of the hydrogen atom (12.59844 eV) [18] and the bond energy of H 2 (2.651 eV) [22], 
^ The experimental second ionization energy of the deuterium molecule, IP 2 , is given, by the sum of the 
10 ionization energy of the deuterium atom (12.603 eV) [19] and the bond energy of D\ {2.692 eV) [23]. 



e 



The internuclear distances are not corrected for the reduction due to . 
The internuclear distances are not corrected for the increase due to E osc . 



THE DIHYDRINO MOLECULAR ION H 2 [2c' = a 0 f 



15 



FORCE BALANCE OF THE DIHYDRINO MOLECULAR ION 

Force balance between the electric and centrifugal forces of /fj (1/2) is given by Eq. 



(11.115) where p 

n 2 



= 2 



2i2 



m e a b 



2pe' 



D 



(11.316) 



20 which has the parametric solution given by Eq. (1 1 .83) when 
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a = a « (11.317) 

The semimajor axis, a, is also given by Eq. (11.116) where p = 2. The internuclear 
distance, 2c] , which is the distance between the foci is given by Eq. (1 1 .1 1 1) where p = 2 . 

2c ' = a o (11.318) 
5 The semiminor axis is given by Eq. ( 1 1 . 1 1 2) where p = 2 . 

b -~2 a " (11.319) 



The eccentricity, e , is given by Eq. (11.113). 



1 

e = — 
2 



(11.320) 



10 ENERGIES OF THE DIHYDRINO MOLECULAR ION 

> 

The potential energy, V e , of the electron MO in the field of magnitude twice that of the 
protons at the foci (£ = 0 ) is given by Eq. (1 1 . 1 17) where p = 2 

v -8e 2 . a+y!a 2 -b 2 

t= Z / 2 ,2 to j , v ' (11.321) 

The potential energy, r p , due to proton-proton repulsion in the field of magnitude twice that 
15 oftheprotonsatthefoci(| = 0)isgivenbyEq.(11.120)where p = 2 

The kinetic energy, T , of the electron MO is given by Eq. (11.11 9) where p = 2 
T 2ft 2 a + vV-6 2 

J = / 2 , 2 to 7=r==T ' (11.323) 

m e aja 2 -b 2 a-Ja 2 -b 2 

Substitution of a and b given by Eqs. (1 1.317) and (1 1.319), respectively, into Eqs. (1 1.321- 
20 11.323) and using Eqs. (11.191-11.193) with p = 2 gives 

-16e 2 



4e 2 

V p =- = 54.42 eV 



— " (11.325) 



0 0 



8e 2 

^i^" 1113 ^ 19 - 58 ^ (H.326) 



WO 2007/051078 



PCT/US2006/042692 



77 



E T = V a +V p +T + E ose 



(11.327) 



E r = -2' 



(41n3-l-21n3) 



1 + 2 




2 i M 



= -2 2 (1 6. 1 3392 eV)-2 3 (0. 1 1 8755 e V) 
= -65.49 eV 



(11.328) 



where Eqs. (11.324-11.326) are equivalent to Eqs. (11.122-11.124) with p = 2. The bond 
dissociation energy, E D , given by Eq. (1 1.198) with p = 2 is the difference between the total 

* 

5 energy of the corresponding hydrino atom and E T given by Eq. (1 1.328): 

E D =E T (H(\/p))-E T (H;(Vp)) 
= 2 2 (2.535 e V)+ 2 3 (0. 1 1 8755 e V) 



(11.329) 



= 11.09 eV 



VIBRATION OF THE DIHYDRINO MOLECULAR ION 

It can be shown that a perturbation of the orbit determined by an inverse-squared force results 
10 in simple harmonic oscillatory motion of the orbit [11]. The resonant vibrational frequency 
for HI (1 / 2) from Eq. (1 1 . 160) is 



CO 



(0) = 2 



2 165.51 Nm 



-i 



= 1.78 JT 10 ,s radiansls 



(11.330) 



wherein p = 2 . The spring constant, £(0), for # 2 + (l / 2) from Eq. ( 1 1 . 1 62) is 

* 

£(0) = 2 4 1 65.51 Nm- 1 = 2648 Nm' 1 

* 

1 5 The amplitude of oscillation from Eq. (1 1 .164) is 

S ■ 5.952 X lO"' 2 m 0.1125a 



(11.331) 



,4(0) = 



2 3 ' 2 (2 4 (165.51) N m - l p) VA 



(11.332) 



The vibrational energy, E^ (l) , for the v = 1 -> v = 0 transition given by Eq. (1 1 .166) is 
E vib (1) = 2 2 (0.270 eV) = 1.08 eV 



(11.333) 
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THE DIHYDRINO MOLECULE H, 



r 

V2j 



FORCE BALANCE OF THE DIHYDRINO MOLECULE 
The force balance equation for the dihydrino molecule H 2 (\I2) is given by Eq. (11.200) 
5 where p = 2 

k 2 2e 2 h 2 

H D= * JP (11.334) 



m t a 2 b 2 %ns 0 ab 2 2m e a 2 b 2 
which has the parametric solution given by Eq. (1 1 .83) when 



(11.335) 



The semimajor axis, a, is also given by Eq. (11.202) where /? = 2. The internuclear 
1 0 distance, 2c ' , which is the distance between the foci is given by Eq. (1 1 .204) where p = 2 . 

2c f = ^a 0 (11.336) 
The semiminor axis is given by Eq. (1 1 .205) where p = 2 . 

b=C= ^j2 a ° (11 ' 337) 
The eccentricity, e , is given by Eq. (1 1.206). 

15 e=— (11.338) 

V2 



ENERGIES OF THE DIHYDRINO MOLECULE 

The energies of the dihydrino molecule H 2 (l/2) are given by Eqs. (11.207-1 1.210) and Eqs. 
(11.239-1 1.241) with p = 2 



20 V e = 4e 2 ta fl W a2 b2 = , 2 71.34gK (11.339) 

SneJa 2 -b 2 a-sla 2 ~b 2 



2 e 2 

V = — — . = 76.97 (1 1.340) 

%™o-Ja 2 -b 2 



T= ^L—ln^^S^ 135.67 eV (11.341) 

2m t a4a 2 -b 2 a-yla 2 -b 2 

The energy, F m , of the magnetic force is 
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V_ = 



-tt 



In 



a+ 
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4m e aja 2 - b 2 a - Ja 2 -b 2 



= -67.84 eV 



E r =V e +T+V m +V p +E, 



osc 



(11.342) 



(11.343) 



E T = ~2 2 < 



8xe o a 0 ■ 



r 



\ 



2 J >/2-l 



1 + 2 



2^ 


1 ' 






OT e C 2 



--\\- 



(11.344) 



= -2 2 (31.351 eV) -2 3 (0.326469 eV) 
= -\2S.02eV 

* 

where Eqs. (11.339-11.342) are equivalent to Eqs. (11.207-11.210) with p = 2. The bond 
5 dissociation energy, E D , given by Eq. (1 1 .252) with p = 2 is the difference between the total 
energy of the corresponding hydrino atoms and E T given by Eq. (1 1 .344). 

E D = E T (2H(Vp))-E T (H 2 (Vp)) 

= 2 2 (4.151 eV)+ 2 3 (0.326469 eV) (11.345) 
= 19.22 eV 



VIBRATION OF THE DIHYDRINO MOLECULE 
10 It can be shown that a perturbation of the orbit determined by an inverse-squared force results 
in simple harmonic oscillatory motion of the orbit [11]. The resonant vibrational frequency 

i 

for the H 2 (1/2) from Eq. (1 1.217) is 



o(0) = 2 : 




k 7 /621.98 Nm- 1 



3A5X 10 15 radians /s 



wherein p = 2 . The spring constant, *(0) , for H 2 (1/2) from Eq. (1 1.219) is 
15 k(0) = 2 4 621.98 Nm* = 9952 Nni* 

The amplitude of oscillation from Eq. (1 1 .221) is 

. V» 4.275X10" 12 w 0.08079a 



A(0) = 



2 il2 (2 4 (621.98) Nm^f* 



The vibrational energy, E vlb (l) , of H 2 (l / 2) from Eq. (1 1 .223) is 
E vlb (1) = 2 2 (0.517) = 2.07 eV 



20 



(11.346) 



(11.347) 



(11.348) 



(11.349) 
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GEOMETRY 

The internuclear distance can also be determined geometrically. The spheroidal MO of the 
hydrogen molecule is an equipotential energy surface, which is an energy minimum surface. 
For the hydrogen molecule, the electric field is zero for £ > 0 . Consider two hydrogen atoms 

5 A and B approaching each other. Consider that the two electrons form a spheroidal MO as 
the two atoms overlap, and the charge is distributed such that an equipotential two- 
dimensional surface is formed. The electric fields of atoms A and B add vectorially as the 
atoms overlap. The energy at the point of intersection of the overlapping orbitspheres 
decreases to a minimum as they superimpose and then rises with further overlap. When this 

10 energy is a minimum the internuclear distance is determined. It can be demonstrated [33] that 
when two hydrogen orbitspheres superimpose such that the radial electric field vector from 
nucleus A and B makes a 45° angle with the point of intersection of the two original 
orbitspheres, the electric energy of interaction between orbitspheres given by 

E^=2X ^ 0 ^dv ' (11.350) 

15 is a minimum (Figure 7.1 of [33]). The MO is a minimum potential energy surface; therefore, 
a minimum of energy of one point on the surface is a minimum for the entire surface of the 
MO. Thus, 

R Hi =yf2a o =0J4SA (11.351) 
The experimental internuclear bond distance is 0.746 A . 

20 

DIHYDRINO IONIZATION ENERGIES 

The fust ionization energy, 1P X , of the dihydrino molecule 

H 2 {\tp)->Hi{\lp)+e (11.352) 
is given by Eq. ( 1 1 .244) with p = 2 . 
25 IP, = E T [HI (l/p))-E T (H 2 (Up)) (11 .353) 

IP X = 2 2 (15.2171 eV)+2 3 (0.2077 eV) = 62.53 eV (11.354) 

The second ionization energy, IP 2 , is given by Eq. (1 1 .245) with p - 2 . 

IP 2 =2 2 (16.13392 eV)+2 3 (0.mi55eV) = 65.49 eV (11.355) 

A hydrino atom can react with a hydrogen, deuterium, or tritium nucleus to form a 
30 dihydrino molecular ion that further reacts with an electron to form a dihydrino molecule. 
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H(\/p)+H++e--+H 2 (l/p) 
The energy released is 

E = E(H(\ lp))-E T 

where E T is given by Eq. (11.241). 
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(11.356) 



(11.357) 



5 A hydrino atom can react with a hydrogen, deuterium, or tritium atom to form a 

dihydrino molecule. 

H(Vp)+H->H 2 (l/p) (11.358) 



The energy released is 

E = E(H(\/p)) + E(H)-E 1 

10 where E T is given by Eq. (11.241). 



(11.359) 



SIZES OF REPRESENTATIVE ATOMS AND MOLECULES 



ATOMS 



15 



Helium Atom (He) 

+ 

Helium comprises the nucleus at the origin and two electrons as a spherical shell at 



r = 0.567a 0 . 



20 Hydrogen Atom ( H [a H ] ) 

Hydrogen comprises the nucleus at the origin and the electron as a spherical shell at r = a H . 



Hydrino Atom (H^j) 



25 r = 



Hydrino atom (1/2) comprises the nucleus at the origin and the electron as a spherical shell at 
a. 



MOLECULES 

Hydrogen Molecular Ion ( H 2 [2c 1 = 2a 4 ] + ) 

a = 2a 0 
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b = c = *j3a n 



c' = a 0 



2c' = 2a 0 



5 Hydrogen Molecule ( H 2 [2c 1 = V2a,] ) 
a = a 0 

6 = C = ^ 
2c' = *Jla 0 

10 

Dihydrino Molecular Ion (H 2 [2c* = a e f ) 

a = a 0 

b = c = T a 0 

. 1 
b = c = -a a 

15 2c' = a 0 



Dihydrino Molecule (H 2 j^2c' J ) 



1 

2 



a = -a 0 
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ORTHO-PARA TRANSITION OF HYDROGEN-TYPE MOLECULES 

Each proton of hydrogen-type molecules possesses a magnetic moment, which is derived in 
the Proton and Neutron section and is given by 

2 

eh 



(!) 



m ~ (11.360) 
2-2. 

2n 

5 The magnetic moment, m , of the proton is given by Eq. (1 1.360), and the magnetic field of 
the proton follows from the relationship between the magnetic dipole field and the magnetic 
moment, m , as given by Jackson [34] where m = n P i z . 

H = ^-(i r 2cos0-i,sin0) (11.361) 

Multiplication of Eq. (11.361) by the permeability of free space, // 0 , gives the magnetic flux, 
10 B , due to proton one at proton two. 

B=i^(i r 2cos0-i,sin0) (11 362) 

A£^ par8 , the energy to flip the orientation of proton two's magnetic moments, p p , from 

ortho (parallel, magnetic moments) to para (antiparallel magnetic moments) with respect to 
the direction of the magnetic moment of proton one with corresponding magnetic flux B is 

15 * AE^=-2 Mp B = ^fl (11 . 363) 

where r is the internuclear distance 2c' where c' is given by Eq. (1 1.204). Substitution of the 
internuclear distance into Eq, (1 1 .363) for r gives 

= -2^,B = ~ 2 W\f (1 1 .364) 

The frequency, / , can be determined from the energy using the Planck relationship, Eq. 
20 (2.18). ' 



2_3 



- 2 Mofp P 

3 



/ = % ■ ~ h ' (11.365) 

From Eq. (1 1.365) with p = 2 , the ortho-para transition energy of the dihydrino molecule is 
14.4 MHz . 
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NUCLEAR MAGNETIC RESONANCE SHIFT 

The proton gyromagnetic ratio, y p /2x , is 

y p I In = 42.57602 MHz T' x (1 1 .366) 

The NMR frequency, /, is the product of the proton gyromagnetic ratio given by Eq. 
5 (11 .366) and the magnetic flux, B . 



/ = y p /2?rB = 42.57602 MHz T X B ^ (1 1.367) 

A typical flux for a superconducting NMR magnet is 1.5 T . According to Eq. (1 L367) this 
corresponds to a radio frequency (RF) of 63.86403 MHz . With a constant magnetic field, the 
frequency is scanned to yield the spectrum where the frequency scan is typically achieved 
10 using a Fourier transform on the free induction decay signal following a radio frequency 

* 

t * 

pulse. Or, in a less common type of NMR spectrometer, the radiofrequency is held constant 

B 

(e.g. 60 MHz ), the applied magnetic field, H Q (H Q = — ), is varied over a small range, and 

Mo 

the frequency of energy absorption is recorded at the various values for H Q . The spectrum is 
typically scanned and displayed as a function of increasing H 0 . The protons that absorb 
1 5 energy at a lower H Q give rise to a downfield absorption peak; whereas, the protons that 
absorb energy at a higher H 0 give rise to an upfield absorption peak. The electrons of the 

compound of a sample influence the field at the nucleus such that it deviates slightly from the 
applied value. For the case that the chemical environment has no NMR effect, the value of 
H 0 at resonance with the radiofrequency held constant at 60 MHz is 

2*/, -H, (11.368) 

Mo/p /i 0 42.57602 A/Hz [T 1 0 

In the case that the chemical environment has a NMR effect, a different value of H 0 is 

required for resonance. This chemical shift is proportional to the electronic magnetic flux 
charge at the nucleus due to the applied field, which in the case of each dihydrino molecule is 
a function of its semimajor and semiminor axes as shown infra. 
25 Consider the application of a z-axis-directed uniform external magnetic flux, B 2 , to a 

dihydrino molecule comprising prolate spheroidal electron MOs with two spin-paired 
electrons. The diamagnetic reaction current increases or decreases the MO current to 
counteract any applied flux according to Lenz's law as shown in the Hydrino Hydride Ion 
Nuclear Magnetic Resonance Shift section. The current of hydrogen-type molecules is along 
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elliptical orbits parallel to the semimajor axis. Thus, the electronic interaction with the nuclei 
requires that each nuclear magnetic moment is in the direction of the semiminor axis. Thus, 
the nuclei are NMR active towards B z when the orientation of the semimajor axis, a , is 
along the x-axis, and the semiminor axes, b = c , are along the y-axis and z-axis, respectively. 
5 The flux is applied over the time interval Af = f, - t f such that the field increases at a rate 

dBldt . The electric field, E , along a perpendicular elliptic path of the dihydrino MO at the 

* 

plane z = 0 is given by 

(11.369) 

The induced electric field must be constant along the path; otherwise, compensating currents 
10 would flow until the electric field is constant Thus, Eq. (1 1.369) becomes 

tdB jA rdB JA . .dB 
dA dA nab— 

£ = jLd? = ±dl = (11.370) 

ijds 4aE(k) 4aE(k) 

where E(k) is the elliptic integral given by 



E (k) = yi-k sin 2 <j>d<j> = 1 .2375 (11.371) 



k = e J<?- hl =Jl (11.372) 
a 2 

15 the area of an ellipse, A, is 

A = nab (1 1 .373) 

the perimeter of an ellipse, s , is 

s = 4aE(k) (11-374) 

a is the semimajor axis given by Eq, (11.202), b is the semiminor axis given by Eq. 
20 (11.205), and e is the eccentricity given by Eq. (11.206). The acceleration along the path, 
dvldt , during the application of the flux is determined by the electric force on the charge 
density of the electrons: 

dv enab dB n 1 -\n<\ 

m— = eE= (11.375) 

e dt 4aE(k) dt 

Thus, the relationship between the change in velocity, v , and the change in B is 

25 dv= e ™\ dB (11.376) 

4aE\k)m e 
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Let Av represent the net change in v over the time interval At = t t -t f of the application of 
the flux. Then, 



Av = % 7 * = ™* ) dB = (11 .3 77) 

J 4aE(k)m e } 4aE(k)m, 



The average current, / , of a charge moving time harmonically along an ellipse is 

5 (11 - 378) 

where / is the frequency. The corresponding magnetic moment is given by 

m = AI = 7uabI = -?^ (11.379) 

4aE(k) 

Thus, from Eqs. (11.377) and (11.379), the change in the magnetic moment, Am, due to an 
applied magnetic flux, B , is [35] 

10 Am = _ (e*ab) 2 B (n 380) 

Next, the contribution from all plane cross sections of the prolate spheroid MO must 
be integrated along the z-axis. The spheroidal surface is given by 

7 + F + F =I (1U81) 

The intersection of the plane z-z' (~b<z'<b) with the spheroid determines the curve 



15 fl^-l-fl 
a 2 b 2 b 2 

or 

.2 . ,2 



(11.382) 



a 2 



* + _Z_ = 1 (11.383) 



1-^ 

b 2 



2 



Eq. (1 1 .383) is an ellipse with semimajor axis, a ' , and semiminor axis, b ' , given by 



. h 2,2 



(11.384) 



20 b' = bJl~ (11.385) 



The eccentricity, e 1 , is given by 
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a' 



r2^ 



1 



.2^ 



1~ 



b 2 ) 



= e 



a 



(11.386) 



where e is given by Eq. (1 1.372), The area, A 1 , is given by 
and the perimeter, s 1 , is given by 



(11.387) 



(11.388) 



where s is given by Eq. (1 1.374). The differential magnetic moment change along the z-axis 



is 



2& (4o '£(*)) m e 



(11.389) 



Using Eq. (1 1.385) for the parameter 6', the change in magnetic moment for the dihydrino 
1 0 molecule is given by the integral over -b <, b 1 <, b : 



Am 



1 * 

= -- 



»2 



v 



B 



26 i (4a'E(k)) m e 



1 



V 



4E(k) 



(11.390) 



Then, integral to correct for the z-dependence of b 1 is 

)(*■-«•)* 2 

q =-& 2 =-=2- 



26 



3p 



(11.391) 



where the semiminor axis, b = — %= , given by Eq. (1 1.205) was used. 

W2 

15 The change in magnetic moment would be given by the substitution of Eq. (1 1 .391) 

into Eq. (11.390), if the change density were constant along the path of Eqs. (11.370) and 

■ 

(1 1 .378), but it is not. The charge density of the MO in rectangular coordinates (Eq. (1 1 .42)) 



is 



1 



Anabc 



(11.392) 
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(The mass-density function of an MO is equivalent to its charge-density function where m 
replaces q of Eq. (11.42)). The equation of the plane tangent to the ellipsoid at the point 

X \+y\+z\ =1 (11393) 
a 2 b 2 c 2 

5 where X, 7, Z are running coordinates in the plane. After dividing through by the square 
root of the sum of the squares of the coefficients of X, Y, and Z , the right member is the 
distance D from the origin to the tangent plane. That is, 

D = -. 1 = 01.394) 

> • 

so that 

» • 

10 a = —^—25 (11.395) 

Anabc 

In other words, the surface density at any point on the ellipsoidal MO is proportional to the 
perpendicular distance from the center of the ellipsoid to the plane tangent to the ellipsoid at 
the point The charge is thus greater on the more sharply rounded ends farther away from the 
origin. In order to maintain current continuity, the diamagnetic velocity of Eq. (1 1.377) must 
15 be a constant along any given path integral corresponding to a constant electric field. 
Consequently, the charge density must be the minimum value of that given by Eq. (1 1.392). 
The minimum corresponds to y = b and x = z = 0 such that the charge density is 

e 1 e 



cr = 



Anab 2 [o* ^ (F ^ KQ b 



(11.396) 



The MO is an equipotential surface, and the current must be continuous over the two- 
20 dimensional surface. Continuity of the surface current density, K , due to the diamagnetic 
effect of the applied magnetic field on the MO and the equipotential boundary condition 

- ■ 

require that the current of each elliptical curve determined by the intersection of the plane 

z-z x (~b<z'<b) with the spheroid be the same. The charge density is spheroidaily 

■ 

symmetrical about the semimajor axis. Thus, A , the charge density per unit length along 
25 each elliptical path cross section of Eq. (11.383) is given by distributing the surface charge 
density ofEq. (11.396) uniformly along the z-axis for -b<z % <b. So, ^(z^O), the linear 
charge density X in the plane z 1 = 0 , is 
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A(*' = 0) = ^ = -^26 = -^ (11397) 
2b 

And, the linear charge density must be equally distributed over each elliptical path cross 
section corresponding to each plane z = z 1 . The current is independent of z 1 when the linear 

charge density, X{z ') , is normalized for the path length: 

A(z , ) = _e_Ja£M _£_ (U 398) 

where the equality of the eccentricities of each elliptical plane cross section given by Eq. 
(11.386) was used. Substitution of Eq. (11.388) for the corresponding charge density, 

, of Eq. (1 1.390) and using Eq. (1 1.391) gives 



4a'£(Jfc) 

3 4m e I2p 2 m e 

10 The two electrons are spin-paired and the velocities are mirror opposites. Thus, the 

change in velocity of each electron treated individually (Eq. (10.3)) due to the applied field 
would be equal and opposite. However, as shown in the Three Electron Atom section, the 
two paired electrons may be treated as one with twice the mass where m e is replaced by 2m e 

in Eq. (11.399). In this case, the paired electrons spin together about the applied field axis, 
1 5 the z-axis, to cause a reduction in the applied field according to Lenz's law. Thus, from Eq. 
(11 .399), the change in magnetic moment is given by 

Am= _lM_ (11.400) 
24p 2 m e 

The opposing diamagnetic flux is uniform, parallel, and opposite the applied field as 
given by Stratton [36]. Specifically, the change in magnetic flux, AB , at the nucleus due to 
20 the change in magnetic moment, Am , is 

dB = M 0 M m (11.401) 
where ji 0 is the permeability of vacuum, 

is an elliptic integral of the second kind given by Whittaker and Watson [37], and 
25 R s =(s+b 2 )J(s+a 2 ) (11.403) 
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Substitution of Eq. (1 1 .403) into Eq. (1 1.402) gives 

ds 



A = \(s+b 2 ) 2 (s+a 2 f 
From integral 154 of Lide [38]: 



(11.404) 



1 yls+a 2 
a 2 -b 2 s+b 2 



1 1 



f 

~2a 2 -b 2 ii 



ds 



(s+b 2 )yjs+a' 
5 The evaluation at the limits of the first integral is 



(1 1 .405) 



1 yjs+a 2 



a 



a -b s+b' 



b 2 (a 2 -b 2 ) 



(11.406) 



From integral #147 of Lide [9], the second integral is: 



L_J_" r ds [1 1 -JT+J+ylJ-b 2 

2« 2 -& 2 J(, + ^)v£W \2(a 2 -b 2 ) m 4sT^-47^ 



X CO 



(11.407) 



Evaluation at the limits of the second integral gives 



10 



1 



1 



a + Ja 2 -b 2 
(a 2 -b 2 f 2X " a-Ja 2 ^ 2 



(11.408) 



Combining Eq. (11.406) and Eq. (11.408) gives 



4 = 



a 



1 



1 



In 



a + 4a J 



b 2 (a 2 -b 2 ) 2( a *_ b >f 2 a -Jj~b~ 2 



p 3 4 p'Jl^yft+l 
a\ al V2-1 



(11.409) 



where the semimajor axis, a = ^- , given by Eq. (1 1 .202) and the semiminor axis, b = , 

P W2 

given by Eq. (1 1 .205) were used. 
15 Substitution of Eq. (11.400) and Eq. (11.409) into Eq. (11.401) gives 



' ' pH p 3 Jj^ j2+\ \ a 2 e 2 B 



„3 



a: 



24p 2 m e 



(11.410) 



Additionally, it is found both theoretically and experimentally that the dimensions, r 2 9 of the 
molecule corresponding to the area in Eqs. (11.369) and (11.379) used to derived Eq. 
(1 1.410) must be replaced by an average, (r 2 } , that takes into account averaging over the 

20 orbits isotropically oriented. The correction of 2/3 is given by Purcell [35]. In the case of 
hydrogen-type molecules, the electronic interaction with the nuclei require that each nuclear 
magnetic moment is in the direction of the semiminor axis. But free rotation about each of 
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three axes results in an isotropic averaging of 2/3 where the rotational frequencies of 
hydrogen-type molecules are much greater than the corresponding NMR frequency (e.g. 

AB 

10 12 Hz versus 10 8 Hz). Thus, Eq. (11.410) gives the absolute upfieid chemical shift, — , 

t 

4 

of ff, relative to a bare proton: 



AB AB 



^J 0 <? a yl2-lp6p l m e 

V2 -1 J 36a 0 m e 
= -p28.01 ppm 

t 

where p~\ for H 2 . 

It follows from Eqs. (1 1 .202) and (1 1 .41 1) that the diamagnetic flux (flux opposite to 

the applied field) at each nucleus is inversely proportional to the semimajor radius, a = — . 

p 

For resonance to occur, AH Q , the change in applied field from that given by Eq. (1 1 .368), 
10 must compensate by an equal and opposite amount as the field due to the electrons of the 
dihydrino molecule. According to Eq. (11.202), the ratio of the semimajor axis of the 
dihydrino molecule H 2 (1/ p) to that of the hydrogen molecule H 2 is the reciprocal of an 
integer p . Similarly it is shown in the Hydrino Hydride Ion Nuclear Magnetic Resonance 
Shift section and previously [39], that according to Eq. (7.87) the ratio of the radius of the 
15 hydrino hydride ion H~(lfp) to that of the hydride ion JT(l/l) is the reciprocal of an 
integer p . It follows from Eqs. (7.90-7.96) that compared to a proton with no chemical shift, 
the ratio of AH 0 for resonance of the proton of the hydrino hydride ion H~(lfp) to that of 
the hydride ion H" (l/l) is a positive integer. That is, if only the radius is considered, the 
absorption peak of the hydrino hydride ion occurs at a value of A# 0 that is a multiple of p 
20 times the value that is resonant for the hydride ion compared to that of a proton with no shift. 
However, a hydrino hydride ion is equivalent to the ordinary hydride ion except that it is in a 
lower energy state. The source current of the state must be considered in addition to the 
reduced radius. 

As shown in the Stability of "Ground" and Hydrino States section, for the below 
25 "ground" (fractional quantum number) energy states of the hydrogen atom, a photon , the two- 



2 2 



a 0 e 



= ~Mo 
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dimensional surface charge due to the "trapped photon" at the electron orbitsphere and phase- 
locked with the electron orbitsphere current, is given by Eqs. (5.08) and (2.1 1). 



Ait(r n f _ 



n = l = llil , (11.412) 

p 2 3 4 



5 And, o electron , the two-dimensional surface charge of the electron orbitsphere is 



^ T electron 



^ ^(77 ^ ^ " rJ (1M13) 

The superposition of a pJwton (Eq. (11.412)) and cr^,, , (Eq, (11.413)) where the spherical 
harmonic functions satisfy the conditions given in the Angular Function section is 



+ a 



photon ^electron a r \2 



4«-(r„)' 



Ir o o (^^) + [i + i]Re{y;(0^) e te -'} 



8{r-r„) 



10 « = i = l±±± (11.414) 

p 2 3 4 

The ratio of the total charge distributed over the surface at the radius of the hydrino hydride 
ion H~ (l / p) to that of the hydride ion H~ (l/l) is an integer p , and the corresponding total 
source current of the hydrino hydride ion is equivalent to an integer p times that of an 
electron. The "trapped photon" obeys the phase-matching condition given in Excited States 
15 of the One-Electron Atom (Quantization) section, but does not interact with the applied flux 
directly. Only each electron does; thus, Av of Eq. (1 1.377) must be corrected by a factor of 
1 / p corresponding to the normalization of the electron source current according to the 

invariance of charge under Gauss 1 Integral Law. As also shown by Eqs. (7.17-7.23) and 
(7.87), the "trapped photon" gives rise to a correction to the change in magnetic moment due 

20 to the interaction of each electron with the applied flux. The correction factor of II p 
consequently cancels the NMR effect of the reduced radius which is consistent with general 
observations on diamagnetism [40]. It follows that the same result applies in the case of Eq. 
(1 1 .41 1) for H 2 (1 / p) wherein the coordinates are ellipsoidal rather than spherical. 

The cancellation of the chemical shift due to the reduced radius or the reduced 

25 semiminor and semimajor axes in the case of H' (1/ p) and H 2 {Up)> respectively, by the 
corresponding source current is exact except for an additional relativistic effect The 
relativistic effect for H~ (1/ p) arises due to the interaction of the currents corresponding to 
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the angular momenta of the "trapped photon" and the electrons and is analogous to that of the 
fine structure of the hydrogen atom involving the 2 P m — 2 P U2 transition. The derivation 
follows that of the fine structure given in the Spin-Orbital Coupling section. 



of the electron, the electron angular momentum of h , and the electron magnetic 



5 momentum of ju B are invariant for any electronic state. The same applies for the paired 
electrons of hydrino hydride ions. The condition that flux must be linked by the electron in 
units of the magnetic flux quantum in order to conserve the invariant electron angular 
momentum of h gives the additional chemical shift due to relativistic effects. Using Eqs. 
(2.159-2.160), Eq. (2.166) may be written as 

m it axfi Q e 2 h 2 fj _ • eh u.eh [3 „ „ 

10 E *io =- J ^h—J-=a2x2 f° l-=a2x2ti B B (11.415) 

my V4 . „ . 2m e 2m e a 0 3 y4 8 \ ' 

From Eq. (1 1.415) and Eq. (1.205), the relativistic stored magnetic energy contributes a factor 
of a2n In spherical coordinates, the relativistic change in flux AB^ may be calculated 
using Eq. (7.95) and the relativistic factor of y SR = 2na which is the same as that given by 
Eq. (1.229): 

A/w A 
15 AB^ =-^ 0 _ (i r cos^-Vsin^) = -2^a// 0 — (i r cos0-i 5 sin0) (11.416) 



r » r' 



for r <r 



n • 



The stored magnetic energy term of the electron g factor of each electron of a 



dihydrino molecule is the same as that of a hydrogen atom since — is invariant and the 



* t • 4 

invariant angular momentum and magnetic moment of the former are also ft and 
20 respectively, as given in the Magnetic Moment of an Ellipsoidal MO and Magnetic Field of 
an Ellipsoidal MO sections. Thus, the corresponding correction in ellipsoidal coordinates 
follows from Eq. (2.166) wherein the result of the length contraction for the circular path in 
spherical coordinates is replaced by that of the elliptical path. 

The only position on the elliptical path at which the current is perpendicular to the 
25 radial vector defined by the central force of the protons is at the semimajor axis. It was 
shown in the Special Relativistic Correction to the Ionization Energies section that when the 
condition that the electron's motion is tangential to the radius is met, the radius is Lorentzian 
invariant. That is, for the case that k is the lightlike k° , with k = a> n Ic, a is invariant In 
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the case of a spherically symmetrical MO such as the case of the hydrogen atom, it was also 



e 



shown that this condition determines that the electron's angular momentum of ft , — of Eq. 



m 



(1.110), and the electron's magnetic moment of a Bohr magneton, ju B , are invariant. The 

effect of the relativistic length contraction and time dilation for constant spherical motion is a 
5 change in the angle of motion with a corresponding decrease in the electron wavelength. The 
angular motion becomes projected onto the radial axis which contracts, and the extent of the 
decrease in the electron wavelength and radius due to the electron motion in the laboratory 
inertial frame are given by 



7V 

~2 



1-1* 



x2\ 3 ' 2 



C) 



-fr'cos 



r 



7t_ 

2 



1-1* 



\ 2 



\V2 



(11.417) 



10 and 
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fl- 



v 1 



sin 



K 

2 



1- 



r n2 
v 



\3/2 



J 



1 

+ — cos 
2n 



r 



2 



1- 



2 x3/2 



J 



(11.418) 



respectively. Then, the relativistic factor y is 



Y = 



2k 



2nA\ 



sm 



2 



I'- 



ve 



+cos 



7Z_ 

2 



1~ 



/ n2 
v 



n3/2 



(11.419) 



where the velocity is given by Eq. (1 .56) with the radius given by Eq. (1 .233). 

1 5 Each point or coordinate position on the continuous two-dimensional electron MO of 

the dihydrino molecule defines an infinitesimal mass-density element which moves along an 
elliptical orbit of a spheroidal MO in such a way that its eccentric angle, 9 , changes at a 
constant rate. That is 0 = cot at time t where a is a constant, and 

r(t) = ia cos a*t + jb sin cot (1 1 .420) 

20 is the parametric equation of the ellipse. Next, special relativistic effects on distance and time 
are considered. The parametric radius, r(t), is a minimum at the position of the semiminor 
axis of length b , and the motion is transverse to the radial vector. Since the angular 
momentum of h is constant, the electron wavelength without relativistic correction is given 
by 

h 



25 



2nb -X- 



mv 



(11.421) 



such that the angular momentum, L , is given by 
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(1L422) 



The nonradiation and the h 9 — , and ju B invariance conditions require that the angular 

6 

frequencies, co s and a> 9 , for spherical and ellipsoidal motion, respectively, are 



6). = — e ~ 



s m e r 2 A 



(11.423) 



5 and 



co = 



7t% 



m e A m e ab 



(11.424) 



where A is the area of the closed orbit, the area of an ellipse given by Eq. (1 1373). Since the 
angular frequency co e has the form as a> s , the time dilation corrections are equivalent, where 
the correction for a s is given in the Special Relativistic Correction to the Ionization Energies 
10 section. Since the semimajor axis, a, is invariant, but b undergoes length contraction, the 
relationship between the velocity and the electron wavelength at the semiminor axis from Eq. 
(11.417) andEq. (11.421) is 



/ \2 
V 

— | sin 



2 



V 



+ flfCOS 



n 
2 



1- 



v 



(11.425) 



where A,-* a as v->c replaces the spherical coordinate result ofA->r'asv->c. Thus, in 
15 the electron frame at rest v = 0 , and, Eq. (1 1 .425) becomes 

V = 1nb (11.426) 
In the laboratory inertial frame for the case that v = c in Eq, (1 1 .425), X is 

x = a (11.427) 
Thus, using Eqs. (1 1.426) and (1 1 .427), the relativistic factor, y , is 



20 



a 



V 2nb 



(11.428) 



From Eqs: (11.417-11.419) and Eq. (11.428), the relativistic diamagnetic effect of the 
inverse integer radius of H 2 {lip) compared to H 2 , each with ellipsoidal MOs, is equivalent 

to the ratio of the senuniinor and semimajor axes times the correction for the spherical orbital 
case given in Eq. (1 1.416). From the mass (Eq. (2.165)) and radius corrections (Eq. (2.163)) 
25 in Eq. (2.166), the relativistic stored magnetic energy contributes a factor Ysr °f 
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(11.429) 



Thus, from Eqs. (11.401), (11.416), and (11.429), the relativistic change in flux, AB^, for 



the dihydrino molecule H 2 (l / p) is 



(11.430) 



AS 



5 Thus, using Eq. (11.411) and Eq. (11.430), the upfield chemical shift, due to the 



B 



relativistic effect of the molecule H^l/ p) corresponding to the lower-energy state with 
principal quantum energy state p is given by 
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(11.431) 



The total shift, , f or # 2 (V p) is given by the sum of mat of # 2 given by Eq. (1 1 .41 1) 

B 



10 with p = l plus that given by Eq. (11.431): 
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(11.432) 



0"*<r 



= - (28.01 + 0.64p) p/ww 



(11.433) 



where p = integer > 1 . 

H 2 has been characterized by gas phase *H NMR. The experimental absolute 
15 resonance shift of gas-phase TMS relative to the proton's gyromagnetic frequency is -28.5 
ppm [30]. .Hi was observed at 0.48 ppm compared to gas phase TMS set at 0.00 ppm [31]. 
Thus, the corresponding absolute H t gas-phase resonance shift of -28.0 ppm (-28.5 + 0.48) 

ppm was in excellent agreement with the predicted absolute gas-phase shift of -28.01 ppm 
given by Eq. (1 1 .41 1). 



20 
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Section II 

GENERAL DIATOMIC AND POLYATOMIC MOLECULAR IONS 

AND MOLECULES 

5 Non-hydrogen diatomic and polyatomic molecular ions and molecules can be solved using 
the same principles as those used to solve hydrogen molecular ions and molecules wherein 
the hydrogen molecular orbitals (MOs) and hydrogen atomic orbitais serve as basis functions 
for the MOs of the general diatomic and polyatomic molecular ions or molecules* The MO 
must (1) be a solution of Laplace's equation to give a equipotential energy surface, (2) 

10 correspond to an orbital solution of the Newtonian equation of motion in an inverse-radius- 
squared central field having a constant total energy, (3) be stable to radiation, and (4) 
conserve the electron angular momentum of h . Energy of the MO must be matched to that 
of the outermost atomic orbital of a bonding heteroatom in the case where a minimum energy 
is achieved with a direct bond to the atomic orbital (AO). In the case that an independent 

15 MO is formed, the AO force balance causes the remaining electrons to be at lower energy and 
a smaller radius. The atomic oibital may hybridize in order to achieve a bond at an energy 
minimum. At least one molecule or molecular ion representative of each of these cases was 
solved. Specifically, the results of the determination of bond parameters of H$ , Z> 3 + , OH , 
OD, H 2 0, D 2 0, NH, ND 9 NH 2 , ND 2 , Mf 3 , ND 3 , CH , CD, CH 29 CH S , CH 4 , N 2 , 

20 0 2i F 2> Cl 2 , CN , CO, and NO are given in Table 13.1. The calculated results for homo- 

and hetero-diatomic radicals and molecules, and polyatomic molecular ions and molecules 
are based on first principles and given in closed-form, exact equations containing 
fundamental constants only. The agreement between the experimental and calculated results 
is excellent. 

25 

TRIATOMIC MOLECULAR HYDROGEN-TYPE ION (J3J ) 

The polyatomic molecular ion (l/p) is formed by the reaction of a proton with a 

hydrogen-type molecule 

H 2 (1/ p)+H + -» Ht (1/ p) (13.1) 

30 and by the exothermic reaction 
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H!(Up) + H 1 (Vp)-+Hl(V P )+H(l/p) (13.2) 



FORCE BALANCE OF H+ -TYPE MOLECULAR IONS 

Ht (}l p) -type molecular ions comprise two indistinguishable spin-paired electrons bound 

5 by three protons. The ellipsoidal molecular orbital (MO) satisfies the boundary constraints as 
shown in the Nature of the Chemical Bond of Hydrogen-Type Molecules section. Since the 
protons are indistinguishable, ellipsoidal MOs about each pair of protons taken one at a time 
are indistinguishable. # 3 + (1/ p) is then given by a superposition or linear combinations of 

three equivalent ellipsoidal MOs that form a equilateral triangle where the points of contact 
10 between the prolate spheroids are equivalent in energy and charge density. The outer 
perimeter of the superposition of three prolate spheroids is the H^(lfp) MO with the 
protons at the foci that bind and maintain the electron MO. 

As in the case for H^l/p) and' H 2 (l/p) shown in the Nature of the Chemical 

Bond of Hydrogen-Type Molecules section, the stability of Hf(l/p) is due to the 

15 dependence of the charge density of the distance D from the origin to the tangent plane. 
That is, 

1 



Z) = 



Va 4 6 4 c 4 



(13.3) 



so that 



20 In other words, the surface density at any point on a charged ellipsoidal conductor is 
proportional to the perpendicular distance from the center of the ellipsoid to the plane tangent 
to the ellipsoid at the point The charge is thus greater on the more sharply rounded ends 
farther away from the origin. This distribution places the charge closest to the protons to give 
a minimum energy. 

25 The balanced forces also depend on D as shown in the Nature of the Chemical Bond 

of Hydrogen-Type Molecules section. The D -dependence of the charge density as well as 
the centrifugal and Coulombic central field of two nuclei at the foci of the ellipsoid applies to 

each ellipsoid which is given from any other by a rotation of [^j = — about an axis at a focus 
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that is perpendicular to the plane of the equilateral triangle defined by the three foci. Since 
the centrifugal, Coulombic, and magnetic forces relate mass and charge densities which are 
interchangeable by the ratio e/m e> the conditions at any point on any given ellipsoid is 
applicable to any other point on the ellipsoid. Furthermore, this condition can be generalized 
5 to any point of the other members of the set of three ellipsoids due to equivalence. As a 
further constraint to maintain the force balance between the three protons and the Hi (Hp) 

MO comprising the superposition of the three H 2 (l / p) -type ellipsoidal MOs, the total 

charge of the two electrons must be normalized over the three basis set .ff 2 (l/.p)-type 

ellipsoidal MOs. In this case, the parameters of each basis element H 2 (1/ p) -type ellipsoidal 

10 MO is solved, and the energies are given by the electron charge where it appears multiplied 
by a factor of 3 / 2 (three MOs normalized by the total charge of two electrons). 

Consider each H 2 (V p)-type ellipsoidal MO. At each point on the Hi (Hp) MO, 

the electron experiences a centrifugal force, and the balancing centripetal force (on each 
electron) is produced by the electric force between the electron and the ellipsoidal electric 
15 field and the radiation-reaction-type magnetic force between the two electrons causing the 
electrons to pair. The force balance equation derived in Force Balance of Hydrogen-Type 
Molecules section is given by Eq. (1 1 .200): 

* 2 D = P e2 p+ %1 p (13.5) 
m g a 2 b 2 Sxeab 2 Im^b 1 



2a n a 



<L_f<L = 1 (13.6) 



pa pa 

20 a = %- 

P 

Substitution of Eq. (13.7) into Eq. (1 1.79) is 
pyfc 

The internuclear distance given by multiplying Eq. (13.8) by two is 
2c' 

P 

25 Substitution of Eqs. (1 3.7-1 3.8) into Eq. (1 1 .80) is 



(13.7) 



c - — —a 0 



(13.8) 



(13.9) 
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Substitution of Eqs. (13.7-13.8) intoEq. (11.67) is 

■ Hs <13:u) 

Using the parameters given by Eqs. (13.7-13.1 1), the resulting /f 3 + (1/ p) MO comprising the 

superposition of three jy r 2 (l/ j p)-type ellipsoidal MOs is shown in Figure 6. The outer 
5 surface of the superposition comprises charge density of the MO. The equilateral triangular 
structure was confirmed experimentally [1], The H^(\/p) MO having no distinguishable 

electrons is consistent with the absence of strong excited stated observed for Hi [1]. It is 
also consistent with the absence of a permanent dipole moment [1]. 



1 0 ENERGIES OF flj -TYPE MOLECULAR IONS 

The due to the equivalence of the H 2 (l / p) -type ellipsoidal MOs and the linear 
superposition of their energies, the energy components defined previously for the molecule, 
Eqs. (11.207-11.212) apply in the case of the corresponding H^l/p) molecular ion. And, 

each molecular energy component is given by the integral of corresponding force in Eq. 
15 (13.5). Each energy component is the total for the two equivalent electrons with the 
exception that the total charge of the two electrons is normalized over the three basis set 
# 2 (l/i?)-type ellipsoidal MOs. Thus, the energies are those given for H 2 (l/p) in the 

Energies of Hydrogen-Type Molecules section with the electron charge, where it appears, 
multiplied by a factor of 3/2 . In addition, the three sets of equivalent proton-proton pairs 
20 give rise to a factor of three times the proton-proton repulsion energy given by Eq. (11.208). 
The parameters a and 6 are given by Eqs. (13.7) and (13.10), respectively. 

3 -2p* to jH^ES (13.12) 
2 SxsJa 2 -b 2 a-yla 2 -b 2 



V =3 — , 6 (13.13) 

r= % ■] Il a+yf f-^ (13.14) 

2m e Wfl 2 -*> 2 a-y{a 2 -b 2 
25 The energy, V m , corresponding to the magnetic force of Eq. (13.5) is 
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T/ 3 -ft 2 aWfl 2 ~& T /i*t«\ 

V » * n n T to r—T ( 13 J5) 

3>4m e aja 2 -b 2 a-V* 2 -6 2 

£ r =7 a +r+F w +K (13.16) 



p 

2 



V2-1 



4 

IA J 



= -p 2 35.54975 



(13.17) 

5 where the charge e appears in the magnetic energy V m according to Eqs. (7.14-7.24) as 
discussed in the Force Balance of Hydrogen-Type Molecules section. 



VIBRATION OF h; -TYPE MOLECULAR IONS 

The vibrational energy levels of 77 3 + -type molecular ions may be solved as three equivalent 

10 coupled harmonic oscillators by developing the Lagrangian, the differential equation of 
motion, and the eigenvalue solutions [2] wherein the spring constants are derived from the 
central forces as given in the Vibration of Hydrogen-Type Molecular Ions section and the 
Vibration of Hydrogen-Type Molecules section. 

15 THE DOPPLER ENERGY TERM OF /f 3 + -TYPE MOLECULAR IONS 

As shown in the Vibration of Hydrogen-type Molecular Ions section, the electron orbiting the 
nuclei at the foci of an ellipse may be perturbed such that a stable reentrant orbit is 
established that gives rise to a vibrational state corresponding to time harmonic oscillation of 
the nuclei and electron. The perturbation is caused by a photon that is resonant with the 

20 frequency of oscillation of the nuclei wherein the radiation is electric dipole with the 
corresponding selection rules. 

Oscillation may also occur in the transition state. The perturbation arises from the 
decrease in internuclear distance as the molecular bond forms. Relative to the unperturbed 
case given in the Force Balance of Hydrogen-type Molecular Ions section, the reentrant orbit 

25 may give rise to a decrease in the total energy while providing a transient kinetic energy to 
the vibrating nuclei. However, as an additional condition for stability, radiation must be 
considered. A nonradiative state must be achieved after the emission due to transient 
vibration wherein the nonradiative condition given by Eq. (11.24) must be satisfied. The 

radiation reaction force due to the vibration of H\ (1/ p) and H 2 (l/p) in the transition state 
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was derived in the Doppler Energy Term of Hydrogen-type Molecular Ions section and the 
Doppler Energy Term of Hydrogen-type Molecules section, respectively, and corresponds to 
a Doppler energy, E D , that is dependent on the motion of the electron and the nuclei. The 

radiation reaction force in the case of the vibration of Hf(l/p) in the transition state also 

+ 

5 corresponds to the Doppler energy, E D9 given by Eq. (11.181) that is dependent on the 
motion of the electrons and the nuclei. Here, a nonradiative state must also be achieved after 
the emission due to transient vibration wherein the nonradiative condition given by Eq. 
(11.24) must be satisfied. Typically, a third body is required to form H+-type molecular 
ions. For example, the exothermic chemical reaction of H + H to form H 2 does not occur 

10 with the emission of a photon. Rather, the reaction requires a collision with a third body, M , 
to remove the bond energy-if + // + M-^i/ 2 +M* [3]. The third body distributes the 
energy from the exothermic reaction, and the end result is the H 2 molecule and an increase in 
the temperature of the system. Thus, a third body removes the energy corresponding to the 
additional force term given by Eq. (11.1 80). 

1 5 The kinetic energy of the transient vibration is derived from the corresponding central 

forces. From Eqs. (13.5) and (13.12), the central force terms between the electron MO and 
the protons of each of the three H 2 (l / p) -type ellipsoidal MOs are 

f f a)m A^L (13.18) 

and 

20 / .( fl)= 2_2£fL (13.19) 

Thus, using Eqs. (1 1.136) and (13.18-13.19), the angular frequency of this oscillation is 




= /7 2 5.06326 X 10 16 rod Is (13.20) 



where the semimajor axis, a, is a=^- according to Eq. (13.7). The kinetic energy, E K> is 

P 

given by Planck's equation (Eq. (1 1 .127)):. 

r 

25 E K =ha> = hp 2 5.06326 X 10' 6 rad/s = ^33.3273 eV (13-21) 
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In Eq. (11.181), substitution of the total energy of the # 3 + -type molecular ion, E T , (Eq. 
(13.17)) for E fn> , the mass of the electron, m e , for M 9 and the kinetic energy given by Eq. 
(13.21) for E K gives the Doppler energy of the electrons for the reentrant orbit. 



* „ Ee7 , l2e(p 2 333273eV) 
* "~ 35 ' 54975;? eV \ mc 2 Z = V0.406013 eV (13.22) 

5 The total energy of the H$ -type molecular ion is decreased by E D . 

In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. On average, the total energy of vibration is 
equally distributed between kinetic energy and potential energy [4]. Thus, the average 
kinetic energy of vibration corresponding to the Doppler energy of the electrons, E Kvib , is 1/2 
10 of the vibrational energy of the H* -type molecular ion given by Eq. (1 1.148). The decrease 
in the energy of the molecular ion due to the reentrant orbit in the transition state 
corresponding to simple harmonic oscillation of the electrons and nuclei, E osc , is given by the 

sum of the corresponding energies, E D and E Krlb . Using Eq. (13.22) and the experimental 
vibrational energy H* of E yih = 2521.31 cm' 1 = 0.312605 eV [1] gives 



15 E„ = E D +E^ b = E D +^hp 2 ^ (13.23) 

E o *=~P*0A060l3eV + }-p i (0.312605 eV) (13.24) 

The reentrant orbit for the binding of a proton to H 2 (l / p) causes two bonds to oscillate by 

increasing and decreasing in length along opposite sides of the equilateral triangle at a 
relative phase angle of 180°. Since the vibration and reentrant oscillation is along two 
20 lengths of the equilateral triangular MO with E symmetry, E osc for H^(l/p), 

4cK(1/p))Js: 



^K(i/p))=2 



« 2^0-406013 eV+^p 1 (0.312605 eV)j 



(13.25) 



To the extent that the MO dimensions are the same, the electron reentrant orbital 
energies, E K , are the same independent of the isotope of hydrogen, but the vibrational 
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energies are related by Eq. (11.148). Thus, the differences in bond energies are essentially 
given by 1/2 the differences in vibrational energies per bond. Using Eq. (13.22), Eq. (13.25), 
and the experimental vibrational energy D 3 + of E v!b = 1 834.67 cm" 1 = 0.227472 eV [1] 3 the 



corresponding E^ (z> 3 + (l / p)) is 

E„(I%(VP)) = 2(-P 1 0.406013 eV+-p 2 (0.227472 eV) 



(13.26) 



TOTAL AND BOND ENERGIES OF HZ{Vp)- AND ZJf (l/p)-TYPE 
MOLECULAR IONS 

The total energy of the H 3 (1/ p)-type molecular ion is given by the sum of E T (Eqs. (13.16- 
10 13.17)) and E^H^ (Up)) given Eqs. (13.20-13.25). Thus, the total energy of H;(\/p) 
having a central field of + pe at each focus of the prolate spheroid molecular orbital 
including the Doppler term is 

E T =V l+ T + V a + V p+ E 0SC (H!(Vp)) (13.27) 



E T =-p 2 < 



15 



&ne 0 a 0 



V2-1 



l + 2p 



i 





3 e 2 




2 4ae 0 al 




m,c 2 



2 W 



= -/> 2 35.54975-2/> 3 0.406013 eF+2/> : 



I 2 V 



(13.28) 



From Eqs. (13.24-13.25) and (13.27-13.28), the total energy of the -type molecular ion is 



E T =-p 2 35.54975 ^^(/^(l/p)) 



= -p 2 35.54975-2p 3 0.406013 eV+li-p 1 (0.312605 eF) 

\2 / 



(13.29) 



= -p 2 35.23714 eF-p 3 0.812025 eV 
The total energy of the £> 3 + -type molecular ion is given by the sum of E T (Eq. (13.17)) and 

2 <> £ asc (A + (l//')) given by Eq. (13.26): 
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E T = V35.54975 eV+ E ae (1/ p )) 

= -p 2 35.54975- 2/0.406013 + p 2 (0.227472 eV)) (13.30) 

= -p 2 35.32227 eV-p* 0.812025 eV 

The bond dissociation energy, E D , is the difference between the total energy of the 
corresponding hydrogen molecule and Ej. 

E D = E(H 2 (l/p))-E T (13.31) 
5 where E(H 2 (l/p)) is given by Eq. (1 1.241): 

E(H 2 (1/ p)) = -p 2 3 1.351 eK-yo.326469 eV (13.32) 
and E (D 2 (l / p)) is given by Eq. (1 1 .242): 

£(A(l//0) = -P 2 31.4345eK- J p 3 0.326469eF (13.33) 

The bond dissociation energy, E D , is given by Eqs. (13.31-13.32) and (13.29): 

E D = -p 2 31.351 eF- p 3 0.326469 eF-^ 
10 = -p 2 31.351 eK- /0.326469 eK-(-;7 2 35.23714 e^-p 3 0.812025 eF) (13.34) 

= p 2 3.88614 eV + p 3 0.485556 eV 

The D* bond dissociation energy, E D , is given by Eqs. (1 3.31), (13.33), and (13.30): 

E D =-^31.4345 eF-/7 3 0.326469 eV-E T 

= -/? 2 31.4345 e r-/7 3 0.326469 eV-(-p 2 35. 32227 eF-j? 3 0.8 12025 eK) 
= p 2 3.88777 eF+ /? 3 0.485556 <?K 
' (13.35) 

15 THE Hi MOLECULAR ION 



FORCE BALANCE OF THE h; MOLECULAR ION 
The force balance equation for /f 3 + is given by Eq. (13.5) where p = 1 

* 

20 which has the parametric solution given by Eq. (1 1 .83) when 

(13.37) 



a = a Q 
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The semimajor axis, a , is also given by Eq. (13.7) where p = 1. The internuclear distance, 
2c 1 , which is the distance between the foci is given by Eq. (13.9) where p = 1 . 

2c' = V2a 0 (13.38) 
The semiminor axis is given by Eq. (13.10) where p = 1 . 



The eccentricity, e , is given by Eq. (13.1 1). 

1 



(13.39) 



(13.40) 



ENERGIES OF THE H\ MOLECULAR ION 
10 The energies of Ht are given by Eqs. (13.12-13.15) where p = 1 



2 i 2 t2 

F=- In ", ~ & =-101.7538 eV (13.41) 

2 %neja 2 -b 2 a-4<? -b 2 



ft 



7 =3 f 57.7245 eV (13.42) 

Ueja 2 -b 2 



T = % In £±^£EE = 33.9179 eV (13.43) 

2m e qyfa 2 -b 2 a-y/a 2 -b 2 

The energy, ^ , of the magnetic force is 

15 V I ijL .in£±^£=£ = -25.4384 cF (13.44) 

2 4m t ajc?-b 2 a-Ja 2 -b 2 



The Doppler terms, £ osc (l / /?)) and ^(^(1/p)) are given by Eqs. (13.25) and 
(13.26), respectively, where p = l 

M#2 + ) = 2(4+4**) 

= 2[-0.406013 eF+^(0.312605 <?F)J (13.45) 



= -0.499420 eK 



£ osc (A) = 2 -0.406013 e 7 +-(0.227472 eV) 

\ 2 J 

= -0.584553 

20 The total energy, £ r ,for # 3 + given by Eqs. (13.27-13.29) is 



(13.46) 
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= -35.54975 - 2(0.406013 eK)+2^(0.31260516 eV)j 





3 e 2 


2h\ 







m.c 



-2 



I 2 W 



= -36.049167 eV 



(13.47) 



From Eqs. (13.27-13.28) and (13.30), the total energy, Ej , for Z> 3 + is 

E T =-35.54975 -2(0.406013 eV)+ 2^(0.227472 eV)j 
= -36.134300 eV 



(13.48) 



5 The bond dissociation energy, E D , is the difference between the total energy of H 2 or D 2 
and E T . The H\ molecular bond dissociation energy, E D , given by the difference between 
the experimental total energy of H 2 [5-7] 1 and the total energy of H 3 + (Eqs. (13.29) where 



p = l and (13.47)) is 

E D =-31.675 eV -(-36.049167 eV) 
= 4.374167 eV 

10 The Hi bond dissociation energy, E D , given by Eq. (13.34) where p = \ is 

E D =3.88614 eV + 0.485556 eV 
= 4.37170 eV 

The experimental bond dissociation energy of [8] is 
E D =4.373 



(13.49) 



(13.50) 



(13.51) 



The difference between the results of Eqs. (13.49) and (13.50) is within the experimental and 
15 propagated errors in the different calculations. The calculated results are based on first 
principles and given in closed-form equations containing fundamental constants only. The 
agreement between the experimental and calculated results for the H% bond dissociation 

energy is excellent. 



1 The experimental total energy of the hydrogen molecule is given by adding the first (15.42593 eV) [5] and 
second (16.2494 eV) ionization energies where the second ionization energy is given by the addition of the 

ionization energy of the hydrogen atom (13.59S44 eV) [6] and the bond energy of H\ (2.651 eV) [7]. 
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The predicted Z> 3 * molecular bond dissociation energy, E D , given by the difference 

between the total energy of D$ (Eqs. (13.30) where p = 1 and (13.48)) and the experimental 

total energy of D 2 [9-10] 2 is 

E D = -31.76 eF-(-36.134300 eV) (13 $2) 

= 4.374300 eV 

5 The bond dissociation energy, E D , given by Eq. (13.35) where p = 1 is 

E D =3.88777 eF + 0.485556 eV (13 53) 

= 4.37333 leV 

The results of the determination of bond parameters of # 3 + are given in Table 13.1. 

The calculated results are based on first principles and given in closed-form, exact equations 
containing fundamental constants only. The agreement between the experimental and 
10 calculated results is excellent 



HYDROXYL RADICAL (OH) 

The water molecule can be solved by first considering the solution of the hydroxyl radical 
which is formed, by the reaction of a hydrogen atom and an oxygen atom: 

15 H+O^OH (13.54) 

The hydroxyl radical OH can be solved using the same principles as those used to solve the 
hydrogen molecule wherein the diatomic molecular orbital (MO) developed in the Nature of 
the Chemical Bond of Hydrogen-Type Molecules and Molecular Ions section serves as basis 
function in linear combination with an oxygen atomic orbital (AO) to form the MO of OH . 

20 The MO must (1) be a solution of Laplace's equation to give a equipotential energy surface, 
(2) correspond to an orbital solution of the Newtonian equation of motion in an inverse- 
radius-squared central field having a constant total energy, (3) be stable to radiation, and (4) 
conserve the electron angular momentum of ti . A further constraint with the substitution of a 
heteroatom (O) for one of the hydrogen atoms is that the constant energy of the MO must 

25 match the energy of the heteroatom. 



2 The experimental total energy of the deuterium molecule is given by adding the first (15.466 eV) [9] and 
second (16.294 eV) ionization energies where the second ionization energy is given by the addition of the 

ionization energy of the deuterium atom (13.603 eV) [10] and the bond energy of D* (2.692 eV) [9]. 
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FORCE BALANCE OF OH 

OH comprises two spin-paired electrons in a chemical bond between the oxygen atom and 
the hydrogen atom such that one electron on O remains impaired. The OH radical MO is 
determined by considering properties of the binding atoms and the boundary constraints. The 
5 prolate spheroidal H 2 MO developed in the Nature of the Chemical Bond of Hydrogen-Type 

Molecules section satisfies the boundary constraints; thus, the H -atom electron forms a H 2 - 
type ellipsoidal MO with one of the O-atom electrons. The O electron configuration given 
in the Eight-Electron Atoms section is Is 2 2s 2 2p* , and the orbital arrangement is 

2p state 

fit ti (13-55) 

10-1 

10 corresponding to the ground state 2 P 2 

In determining the central forces for O in the Radius and Ionization Energy of the 
Outer Electron of the Oxygen Atom section, it was shown that the energy is minimized with 
conservation of angular momentum by the cancellation of the orbital angular momentum of a 
p x electron by that of the p y electron with the pairing of electron eight to fill the p x orbital. 

15 Then, the diamagnetic force is given by Eq. (10.156) is that of atomic nitrogen (Eq. (10.136) 
corresponding to the p z -orbital electron (Eq. (10.82) with wi = 0) as the source of 

diamagnetism with an additional contribution from the uncanceled p x electron (Eq. (10.82) 

with m = 1). From Eqs. (10.83) and (10.89), the paramagnetic force, ¥ mag 2 , is given by Eq. 

(10.157) corresponding to the spin-angular-momentum contribution alone of the p x electron 

20 and the orbital angular momentum of the p z electron, respectively. The diamagnetic and 

paramagnetic forces cancel such that the central force is purely the Coulombic force. This 
central force is maintained with bond formation such that the energy of the 02p shell is 

unchanged. Thus, the angular momentum of each electron of the 02 p shell is conserved 
with bond formation. The central paramagnetic force due to spin is provided by the spin- 
25 pairing force of the OH MO that has the symmetry of an s orbital that superimposes with 
the 2/7 orbitals such that the corresponding angular momenta of the 02p orbitals are 

unchanged. 

The 02p y electron combines with the His electron to form a molecular orbital. The 

► 

proton of the H atom is along the internuclear axis. Due to symmetry, the other O electrons 
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are equivalent to point charges at the origin. (See Eqs. (19-38) of Appendix IV.) Thus, the 
energies in the OH MO involve only the 02p y and His electrons and the change in the 
magnetic energy of the 02p y electron with the other O electrons (Eq. (13.152)) with the 
formation of the OH MO. The forces are determined by these energies. 
5 As in the case of H 2 , the MO is a prolate spheroid with the exception that the 

ellipsoidal MO surface cannot extend into O atom for distances shorter than the radius of the 
2p shell. Otherwise, the electric field of the other Olp electrons would be perturbed, and 
the 2p shell would not be stable. The corresponding increase in energy of O would not be 
offset by any energy decrease in the OH MO based on the distance from the O nucleus to 
10 the His electron compared to those of the 02p electrons. Thus, the MO surface comprises 

t 

a prolate spheroid at the H proton that is continuous with the 2p shell at the O atom. The 
energy of the prolate spheroid is matched to that of the 02 p shell. 

l 4 

The orbital energy E for each elliptical cross section of the prolate spheroidal MO is 
given by the sum of the kinetic T and potential V energies. E = T+V is constant, and the 
15 closed orbits are those for which T <| V \ , and the open orbits are those for which T >| V \ . It 
can be shown that the time average of the kinetic energy, <f> 9 for elliptic motion in an 
inverse-squared field is 1/2 that of the time average of the magnitude of the potential energy, 
\<V>\. <r>=l/2|<r>| [l 1]. In the case of an atomic orbital (AO), E = T+V , and for all 

points on the AO, \E\ = T = 1/2|F| . As shown in the Hydrogen-type Molecular Ions section, 

20 each point or coordinate position on the continuous two-dimensional electron MO defines an 
infinitesimal mass-density element which moves along an orbit comprising an elliptic plane 
cross section of the spheroidal MO through the foci. The motion is such that eccentric angle, 
6 , changes at a constant rate at each point. That is 0 = cot at time t where co is a constant, 
and 

25 r(f) = iacosrt>r + j&sinfitf (13.56) 

Consider the boundary condition that the MO of OH comprises a linear combination of an 
oxygen AO and a i/ 2 -type ellipsoidal MO. The charge density of # 2 -type ellipsoidal MO 
given by Eq. (13.4) maintains that the surface is an equipotential; however, the potential and 
kinetic energy of a point on the surface changes as it orbits the central field. The potential 

30 energy is a maximum and the kinetic energy is a minimum at the semimajor axis, and the 
reverse occurs at the semiminor axis. Since the time average of the kinetic energy, < T > , for 
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elliptic motion in an inverse-squared field is 1 / 2 that of the time average of the magnitude of 
the potential energy, by symmetry, the <T >= 1/2 <|F| > condition holds for 1/2 of the H 2 - 

type ellipsoidal MO having the H focus and ending at the plane defined by the semiminor 
axes. The O nucleus comprises the other focus of the OH MO. The 02p AO obeys the 

5 energy relationship for all points. Thus, the linear combination of the # 2 -type ellipsoidal 

MO with the 02 p AO must involve a 25% contribution from the H 2 -type ellipsoidal MO to 

the 02 p AO in order to match the energy relationships. Thus, the OH MO must comprise 

75% of a tf 2 -type ellipsoidal MO (1/2 +25%) and an oxygen AO: 



10 1 02p v AO+ 0.75 H 2 MO r+OH MO (13.57) 



The force balance of the OH MO is determined by the boundary conditions that arise 
from the linear combination of orbitals according to Eq. (13.57). The force constant k of a 
H 2 -type ellipsoidal MO due to the equivalent of two point charges of at the foci is given by 

15 Eq.(li.65): 

■ 1 > 

= (13.58) 

Since the tf 2 -type ellipsoidal MO comprises 75% of the OH MO, the electron charge 
density in Eq. (13.58) is given by -0.75e. Thus, k* of the H 2 -type-eliipsoidal-MO 
component of the OH MO is 

20 t .J°- 75 > 2 *' (13.59) 

L for the electron equals h ; thus, the distance from the origin of the OH MO to each focus 

■ 

c' is given by Eqs. (1 1.79) and (13.59): 



C , = fl/ _»4^ = J2^, (13 . 60) 
m e e 1.5a 



The internuclear distance from Eq. (13.60) is 



25 2c < = 2 )^L (13.61) 

The length of the semiminor axis of the prolate spheroidal OH MO b = c given by Eq. 
(11.80) is 
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* = Va 2 -c' 2 (13 . 62 ) 
The eccentricity, e , is 
c' 

e = ~ (13-63) 

Then, the solution of the semimajor axis a allows for the solution of the other axes of the 
5 prolate spheroidal and eccentricity of the OH MO. 

The general equation of the ellipsoidal MO having semiprincipal axes a, b, c given 

by 



a 2 + b 7 *c 2 



(13.64) 



is also completely determined by the total energy E given by Eq. (11.18): 



m—rkr l 



10 r = 22 2 



1 + 



rrf 



g v/2 (13.65) 



cos# 



The energy of the oxygen 2p shell is the negative of the ionization energy of the oxygen 
atom given by Eq. (10.163). Experimentally, the energy is [12] 

E(2p shell) = -E{ionnation\ O) = -13.6181 eV (13.66) 
Since the prolate spheroidal MO transitions to the O AO, the energy E in Eq. (13.66) adds 
15 to that of the i/ 2 -type ellipsoidal MO to give the total energy of the OH MO. From the 

energy equation and the relationship between the axes given by Eqs. (13.60-13.63), the 
dimensions of the OH MO are solved. 

The energy components derived previously for the hydrogen molecule, Eqs. (1 1.207- 
1 1.212), apply in the case of the i/ 2 -type ellipsoidal MO. As in the case of the energies of 

20 H*(\/p) given by Eqs. (13.12-13.16), each energy component of the # 2 -type ellipsoidal 

MO is the total for the two equivalent electrons with the exception that the total charge and 
energies of the two electrons is normalized by the percentage composition given by Eq. 
(13.57): 



-2e 2 , a+>Ja 2 -b 2 



In 



ins J a 2 -b 2 a-Ja 2 -b 2 



(13.67) 
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T = 



(3\ ft 2 , a+vV-6 2 
j In , ■ 

{4J2m,ayJa 2 -b 2 a-4a 2 -b 2 



(13.69) 



K.- -I 



-ft' 



a+4a 2 -b 2 

WwVaQ 2 ™ a - Va 2 -6 2 



In 



1L=K+T + V m +V, 



Et %7ts a 4a 2 -b 2 



f 



\ 



3 3fl, 3 a, 



\ 



2 4a 8 a J 



, aWa 2 -* 2 t 

/ 2 2 1 

a-ycr -b 



(13.70) 



(13.71) 



(13.72) 



8jk? 0 c' [\2 8 a j a-c' 



(13.73) 



r 

Since the prolate spheroidal MO transitions to the O AO and the energy of die 02p shell 
must remaiii constant and equal to the negative of the ionization energy given by Eq. (13.66), 
the total energy E T (OH) of the OH MO is given by the sum of the energies of the orbitals 
corresponding to the composition of the linear combination of the O AO and the H 2 -type 
10 ellipsoidal MO that forms the OH MO as given by Eq. (13.57): 

E T (OH) = E T + E(2p shell) 

= E T - E(ionization; O) (13.74) 



8;z£ 0 c' \\2 8a) 



a-c' J 



6181 eV 



To match the boundary condition that the total energy of the entire the i/ 2 -type ellipsoidal 



MO is given by Eq. (1 1.212): 



E r (H 2 ) = 



%7ie 0 a 0 



2yf2-yJ2+.~ 

LV 



J 



ln#±!_V2 



= -31.63536831 eV (13.75) 



15 E T (OH) given by Eq. (13.74) is set equal to Eq. (13.75): 



E T (OH) = 



f 3 3 a f 



\2 8 a 



In 



J 



a + c' 



a-c 



-1 



-13.6181 eV = -31.63536831 eV 



(13.76) 

From the energy relationship given by Eq. (13.76) and the relationship between the axes 
given by Eqs. (13.60-13.63), the dimensions of theOtf MO can be solved. 
20 Substitution of Eq. (13.60) into Eq. (13.76) gives 
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13. 

8 a 



In- 





2<rar 0 
3 







-1 



= ^8.01726831 



(13.77) 



(13.79) 



(13.80) 



The most convenient way to solve Eq. (13.77) is by the reiterative technique using a 
computer. The result to within the round-off error with five-significant figures is 

a = 1.26430a 0 = 6.69039 X 10" n m (13.78) 
5 Substitution of Eq. (13.78) into Eq. (13.60) gives 

c' = 0.91808a 0 = 4.85826 X 10" n m 
The internuclear distance given by multiplying Eq. (13.79) by two is 

2c' = 1.83616a 0 =9.71651 X 10~ n m 
The experimental bond distance is [1 3] 

10 2c' = 9.71 X 10' 11 m 

Substitution of Eqs. (13.78-13.79) into Eq. (13.62) gives 

b = c = 0.86925a 0 = 4.59985 X 10"" m 

Substitution of Eqs. (13.78-13.79) into Eq. (13.63) gives 

e = 0.72615 (13.83) 
1 5 The nucleus of the H atom and the nucleus of the O atom comprise the foci of the 

i 

tf 2 -type ellipsoidal MO. The parameters of the point of intersection of the if 2 -type 
ellipsoidal MO and the 02p y AO can be determined from the polar equation of the ellipse 
(Eq. (11.10)): 



(13.81) 



(13.82) 



1 + e 



r -r n 



(13.84) 

°l + ecos# 1 

20 The radius of the 02p y AO given by Eq. (10.162) is r 8 = a 0 , and the polar radial coordinate 
of the ellipse and the radius of the 02 p y AO are equal at the point of intersection. Thus, Eq. 
(13.84) becomes 



a 0 =(a-c') 



1+— 
a 



1 + -COS0' 

a 



(13.85) 



such that the polar angle 0 ' is given by 
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0' = COS -1 



a 

7' 

V 



1+— 



(a-c') 2—1 



(13.86) 



Substitution of Eqs. (13.78-13.79) into Eq. (13.86) gives 

0' = 123.65° (13.87) 

Then, the angle 0 O2p>AO the radial vector of the 02p y AO makes with the internuclear axis is 

Oozp^o = 180°-123.65° = 56.35° (13.88) 
as shown in Figure 7. 



The distance from the point of intersection of the orbitals to the internuclear axis must 
be the same for both component orbitals. Thus, the angle a>t = 9 HiU0 between the 

■ 

10 internuclear axis and the point of intersection of the # 2 -type ellipsoidal MO with the O 
radial vector obeys the following relationship: 

a 0 sin e o2pfAO = b sin S HiU0 (1 3 .89) 

such that 



_ . _, a n sin 56.35° 

O^mo = a™ ° b (1 3.90) 



15 with the use of Eq. (13.88). Substitution of Eq. (13.82) into Eq. (13.90) gives 

^=73.27° (13.91) 

Then, the distance d Hi¥0 along the internuclear axis from the origin of H 1 -type ellipsoidal 

MO to the point of intersection of the orbitals is given by 

d H 1 Mo= ac °s0 HiMO (13.92) 

20 Substitution of Eqs. (13.78) and (13.91) into Eq. (13.92) gives 

<V> = 0.36397a 0 = 1.92606* 10" 11 m (13.93) 
The distance d Q2pAO along the internuclear axis from the origin of the O atom to the point of 
intersection of the orbitals is given by 

d 02pAO= C '-d Hl MO (13.94) 

25 Substitution of Eqs. (13.79) and (13.93) into Eq. (13.94) gives 

doipAo = °- 554 1 1 *o = 2.93220 X 1 0" 11 m (13 .95) 



0 
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As shown in Eq. (13.57), in addition to the p -orbital charge-density modulation, the 
uniform charge-density in the p y orbital is increased by a factor of 0.25 and the tf-atom 
density is decreased by a factor of 0.25. The internuclear axis of the O-H bond is 
perpendicular to the bonding p y orbital. Using the orbital composition of OH (Eq. (13.57)), 
5 the radii of Ols = 0.12739a 0 (Eq. (10.51)), 02s = 0.59020a 0 (Eq. (10.62)), and 02p = a l 
(Eq. (10.162)) shells, and the parameters of the OH MO given by Eqs. (13.3-13.4), (13.78- 
13.80), (13.82-13.83), and (13.87-13.95), the dimensional diagram and charge-density of the 
OH MO comprising the linear combination of the //>type ellipsoidal MO and the O AO 
according to Eq. (13.57) are shown in Figures 7 and 8, respectively. 

10 

ENERGIES OF OH 

The energies of OH given by the substitution of the semiprincipal axes (Eqs. (13.78-13.80) 
and (13.82)) into the energy equations (Eqs. (13.67-13.73)) are 



V = 



(3\ -2e 2 , a + Ja 2 -b 2 

1 k fT^ 1 * 1 I , , = -40-92709 eV (13.96) 

K*J8treJa 2 -b 2 a-Ja 2 -b 2 



e 2 



15 v ' = ^7^- UM9>Ser < 13 - 97 > 

(3^1 h 2 , a+Ja 2 -b 2 , 

4 k , a A , =16.18567 eV (13.98) 

V *J 2m e a\ja -b a- Va - b 

V » = 4 h r^TT* 1 I 2 TT = ~ 8 - 09284 eV 03.99) 

\4J4m t aja 2 -b 2 a-yja 2 -b 2 



Er(OH) = * 2 



U 8«j a-c % 



-13.6181 eV = -31.63247 eV (13.100) 



where E T (OH) is given by Eq. (13.74) which is reiteratively matched to Eq. (13.75) within 
20 five-significant-figure round-off error. 

VIBRATION AND ROTATION OF OH 

The vibrational energy of OH may be solved in the same manner as that of hydrogen-type 
molecular ions and hydrogen molecules given in the Vibration of Hydrogen-type Molecular 
25 Ions section, and the Vibration of Hydrogen-type Molecules section, respectively, except that 
the orbital composition and the requirement that the 02p shell remain at the same energy and 
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radius in the OH MO as it is in the O atom must be considered. Each p-orbital comprises the 
sum of a constant function and a spherical harmonic function as given by Eq. (1.65). In 
addition to the p-orbital charge-density modulation, the uniform charge-density in p y orbital 

is increased by a factor of 0.25, and the //-atom electron density is decreased by a factor of 
5 0.25. The force between the electron density of the H 2 -type ellipsoidal MO and the nuclei 

determines the vibrational energy. With the radius of the orbit at the oxygen atom fixed at 

r 8 =a 0 (13.101) 

according to Eq. (10.162), the central-force terms for the reentrant orbit between the electron 

density and the nuclei of the // 2 -type ellipsoidal MO are given by Eqs. (11.213-11.214), 
10 except that the corresponding charge of -0.75e replaces the charge of -e of Eqs. (11.213- 

i 

11.214). Furthermore, due to condition that the Olp shell remain at the same energy and 
radius in the OH MO as it is in the O atom, the oscillation of # 2 -type ellipsoidal is along 

the semiminor axis with the apsidal angle of Eq. (11.140) given by = Thus, the 
semimajor axis a of Eqs. (1 1 .213-1 1.214) is replaced by the semiminor axis b : 

15 ( "- 102) 

and 

r r b )=W^ (13.103) 
4ne Q b 

Here, the force factor of 0.75 is equal to the equivalent term of Eq. (13.59). As the H 2 -type 

ellipsoidal oscillates along b , the internuclear distance changes 1 80° out of phase. Thus, the 
20 distance for the reactive nuclear-repulsive terms is given by internuclear distance 2c' (Eq. 
(13.80)). Similar to that of Eqs. (11.215-11.216), the contribution from the repulsive force 
between the two nuclei is 

f(2c') = £—5- (13.104) 

and 

25 /'(2c 1 ) = - ' e ] -3 (13.105) 

Thus, from Eqs. (11.136), (11.213-11.217), and (13.102-13.105), the angular frequency of the 
oscillation is 



WO 2007/051078 PCT/US2006/042692 

121 



0.75e 2 


e 2 


8m 0 b 3 


Sffe 0 [2c'f 



i 



0.75e 2 e 



2 



8^g 0 (0.86925a 0 f 8arg 0 (1.83616fl 0 ) 3 , J3 ^ 



16 
17 " 



= 6.96269* 10 14 rod Is 
where b is given by Eq. (13.82), 2c' is given by Eq. (13.80), and the reduced mass of ,6 OH 
is given by: 

= J«_ = M 6 J (13.107) 

OH 1 + 16 P 

5 where to is the proton mass. Thus, during bond formation, the perturbation of the orbit 
determined by an inverse-squared force results in simple harmonic oscillatory motion of the 
orbit, and the corresponding frequency, ©(0), for "OH given by Eqs. (11.136), (11.148), 

and (13.106) is 



»(0) 



= feM = ^j 763 18 m ' X = 6.96269 X 10 M radians Is (13.108) 

10 where the reduced nuclear mass of l6 OH is given by Eq.(13.107) and the spring constant, 
k(0), given by Eqs. (11.136) and (13.106) is 

ifc(0) = 763.18 Nm~ l ( 13109 ) 
The l6 OH transition-state vibrational energy, £ wi (0) , given by Planck's equation (Eq. 
(11.127)) is: 

15 £ v< j(0) = fta> = 716.96269 X 10 M rarf / J = 0.4583 eF = 3696.38 cm" 1 (13.110) 

Zero-order or zero-point vibration is not physical and is not observed experimentally as 
discussed in the Diatomic Molecular Vibration section; yet, there is a term a t of the old 
point-particle-probability-wave-mechanics that can be compared to E vib (0) . From Herzberg 
[14], <o c , from the experimental curve fit of the vibrational energies of x6 OH is 

20 <o t =3735.21 cm -1 (13.111) 

As shown in the Vibration of Hydrogen-type Molecular Ions section, the harmonic 
oscillator potential energy function can be expanded about the internuclear distance and 
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expressed as a Maclaurin series corresponding to a Morse potential after Karplus and Porter 
(K&P) [15] and after Eq. (11.134). Treating the Maclaurin series terms as anharmonic 
perturbation terms of the harmonic states, the energy corrections can be found by perturbation 
methods. The energy v 0 of state o is 



v v =va> 0 -v(o-i)co 0 x 0 , v = 0,1,2,3... 



(13.112) 



where 



hc&l 



(13.113) 



a> 0 is the frequency of the u = 1 -» t> = 0 transition, and D 0 is the bond dissociation energy 



given by Eq. (13.162). From Eq. (13.1 12), 6> Q is given by 

10 fi> 0 = £ wt (q)-2<o 0 *o 

Substitution of Eq. (13.113) into Eq. (13.114) gives 

Eq. (13.1 15) can be expressed as 



2 2D 0 



1 5 which can be solved by the quadratic formula: 



2D, 



he 



2A 
he 



<°0 = 



Only the positive root is real, physical; thus, 



(13.114) 



(13.115) 



(13.116) 



(13.11.7) 



(0< 



K l )= 



2Dq If 2D 0 V 
lOOhc \{l00hc) 



2D, 



+ A-^-E JO) 



lOOAc 



2^(4-4104 eV) ] 1 ^(4.4104 «r) V | ^(4.4104^) ,^^ 
lOOfcc \^ lOOfo J lOOftc V _ 



= 3522.02 cm 



20 



(13.118) 
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where £ w4 (0) is given by Eq. (13.1 10) and D 0 is given by Eq. (13.156). The corresponding 
l6 OH i> = 1 -» u = 0 vibrational energy, E vli (l) , in electron volts is: 

2^(1) =0.43666 eV (13.119) 

i 

The experimental vibrational energy of 16 OH is [16-17] 
5 E vlk (1) = 0.4424 eV (3568 cm"') (13.120) 

Using Eqs. (13.118-13.119) with Eq. (13.113), the anharmonic perturbation term, 
a> 0 x 0 , of l6 OH is 

lOOAc 8.06573X10 3 ^-0.43666 eV 

w Q x 0 = * „° V Tr s —cm~ l = 87.18 an' (13.121) 

4e(4.4104eF) v ' 

The experimental anharmonic perturbation term, a> 0 ^ , of l6 OH [14] is 

» 

10 a> 0 x 0 =82.81 cm' 1 (13.122) 

The vibrational energies of successive states are given by Eqs. (13.110), (13.112), and 
(13.121). 

* 

Using the reduced nuclear mass of l6 OD given by 

15 where m p is the proton mass, the corresponding parameters for deuterated hydroxyl radical 
l6 OD (Eqs. (13.102-13.121) and (13.162)) are 



CO 



(0) = ^M = ^ | 763 - 1 ^ OT " 1 =5.06610X10" radians /s (13.124) 

*(0) = 763.18 Nm* (13.125) 
E^ (0) = /to = A5.06610X 10 M r<w// j ■ 0.33346 eV = 2689.51 ciw -1 (13.126) 
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2A 



6) t 



(*»-)= 



100/?c 



\00hc 



J 



+4-^-^(0) 
100/jc wU 7 



2e (4.4687 eF) Jf 2e (4.4687 eF)p 
100/ic + ^ 100/»c 



V 2.(4.4687 ^) (26895 , 



+ 4- 



cm 



') 



= 2596.02 cm 



£ w6 (1) = 0.3219 eV 



(13.127) 
(13.128) 



100/ic 



8.06573^10 2 



cm 



-i 



0.3219 



cm" 1 =46.75 cm' 1 



(13.129) 



; 4e (4.4687 eV) 

From Herzberg [14], o e , from the experimental curve fit of the vibrational energies of 16 OD 



is 



a> e = 2720.9 cm 



-l 



(13.130) 



The experimental vibrational energy of 16 OD is [16-17] 
10 E vib (1) = 0.3263 eV (2632.1 cm" 1 ) 



(13.131) 



ayt 0 = 44.2 cm 



and the experimental anharmonic perturbation term, a) Q x 0 , of 16 OD [14] is 

(13.132) 

which match the predictions given by Eqs. (13.126), (13.127-13.128), and (13.129), . 

4 

respectively. 

15 The B e rotational parameters for 16 OH and *OD are given by Eq. (12.65): 



' 2Lhc 



(13.133) 



where 



J = //r 2 (13.134) 

Using the internuclear distance, r = 2c\ and reduced mass of ™OH given by Eqs. (13.80) 
20 and (13.107), respectively, the corresponding B e is 



B =18.835 cm 



-i 



(13.135) 



The experimental B e rotational parameter of 16 OH is [14] 
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B. =18.871 an 1 (13.136) 
Using the internuclear distance, r = 2c\ and reduced mass of l6 OD given by Eqs. (13.80) 
and (13.123), respectively, the corresponding B e is 

B e =9.971 cm' 1 (13.137) 

E 

5 The experimental B 0 rotational parameter of 16 OD is [14] 

B « 10.01 cm- 1 ( 13 - 138 > 



THE DOPPLER ENERGY TERMS OF "OH AND l6 OD 

The radiation reaction force in the case of the vibration of l6 OH in the transition state 
10 corresponds to the Doppler energy, E D , given by Eq. (11.181) and Eq. (13.22) that is 
dependent on the motion of the electrons and the nuclei. The kinetic energy of the transient 
vibration is derived from the corresponding central forces. Following the same consideration 
as those used to derive Eqs. (13.102-13.103) and Eqs. (11.231-11.232), the central force 
terms between the electron density and the nuclei of ]6 OH MO with the radius of the orbit at 
15 the oxygen atom fixed at 

(13-139) 

according to Eq. (1 0. 1 62) are 

• * 

'f( b ) m -2£* (13.140) 



and 



ft- 75 ) 2 *' ' (13.141) 



20 4*? 

wherein the oscillation of /f 2 -type ellipsoidal MO is along the semiminor axis b with the 
apsidal angle of Eq. (1 1.140) given by ^ = k due to condition that the Olp shell remain at 
the same energy and radius in the OH MO as it is in the O atom. Thus, using Eqs. (1 1.136) 
and (13.140-13.141), the angular frequency of this oscillation is 

f 



25 tf> = 



0J5e' 



i =4.41776 XW'radls (13.142) 



The kinetic energy, E K , is given by Planck's equation (Eq. (1 1 .127)): 
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E K =ha> = M.41776* 10" radls = 29.07844 eV (13.143) 
In Eq. (11.181), substitution of the total energy of OH, E T (OH), (Eq. (13.76)) for E lw , the 

mass of the electron, m e , for M , and the kinetic energy given by Eq. (13.143) for E K gives 
the Doppler energy of the electrons for the reentrant orbit. 



5 E D = * to Jfj- = -31.63537 eV H 29 ' 07844 eV ) = -033749 eV (13.144) 

The total energy of OH is decreased by E D . 

In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. On average, the total energy of vibration is 
equally distributed between kinetic energy and potential energy [4]. Thus, the average 
10 kinetic energy of vibration corresponding to the Doppler energy of the electrons, E Kvib , is 1/2 

of the vibrational energy of OH given by Eq. (13.120). The decrease in the energy of the 
OH due to the reentrant orbit in the transition state corresponding to simple harmonic 
oscillation of the electrons and nuclei, E osc , is given by the sum of the corresponding 
energies, E D and E Kvfb . Using Eq. (13.144) and the experimental l6 OH co e of 
15 3735.21 cm' 1 (0.463111 eV) [16-17] gives 

E« c ("OH) = E D + E^ = E D (13.145) 

E osc ( l6 OH)= -0.33749 eF+-(0.463111 eV) - -0.10594 eV (13.146) 

To the extent that the MO dimensions are the same, the electron reentrant orbital 
energies, E K s are the same independent of the isotope of hydrogen, but the vibrational 

20 energies are related by Eq. (11.148). Thus, the differences in bond energies are essentially 
given by 1/2 the differences in vibrational energies per bond. Using Eq. (13.144), Eqs. 
(13.145-13.146), and the experimental 16 OD co e of 2720.9 cot -1 (0.33735 eV) [16-17], the 

corresponding E^ ( 16 QZ>) is 

E ose ( l6 OD) = -0.33749 eF+-(0.33735 eF) = -0.16881 eV (13.147) 

2 . 

25 
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TOTAL AND BOND ENERGIES OF l6 OH AND ,6 OD RADICALS 
E T+osc ( 16 OH) , the total energy of the 16 OH radical including the Doppler term, is given by 

the sum of E r (OH) (Eq. (13.76)) and E MC ( 16 OH) given by Eqs. (13.142-13.146): 



E T+otc ( 16 OH) = V t + T + V a +V p + E(2p shell) + E m ( u OH) 
= E T (OH) + E ose ( 16 OH) 



(13.148) 



E T * osc ( i6 OH) = 



-e 



rv 



3 3 a 0 



ln^-l 



8;z£ 0 c' B a J a-c 



-13.6181 eV 



1 + 



1 





3 e 1 


2^ 


4 4xs 0 b 3 



= -31.63537 eF-0.33749 eV+-hJ— 

2 \fi 



(13.149) 



From Eqs. (13.145-13.146) and (13.148-13.149), the total energy of l6 OH is 
E T+0SC ( U OH) = -3 1 .63537 eV + E^ ( "Otf) 



= -3 1 .63537 eV - 0.33749 eV + \- (0.463 111 eK) 



(13.150) 



=-31.74130 



10 K OD including the Doppler term, is given by the sum of E T (OD) = E T (OH) (Eq. (13.76)) 
and E mc ( x6 OD) given by Eq. (13.147): 



E^oso ( U OD) = -3 1 .63 537 e V + E m ( 16 OD) 



1 



= -3 1 .63537 eV - 0.33749 + - (0.33735 eV) 
= -31.80418 eV 



(13.151) 



where the experimental o e was used for the ftj— term. The dissociation of the bond of the 

hydroxyl radical forms a flee hydrogen atom with one unpaired electron and an oxygen atom 
15 with two unpaired electrons as shown in Eq. (13.55) which interact to stabilize the atom as 
shown by Eq. (10.161-10.162). The lowering of the energy of the reactants decreases the 
bond energy. Thus, the total energy of oxygen is reduced by the energy in the field of the 
two magnetic dipoles given by Eq. (7.46) and Eq. (13.101): 
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E{magnetic) = 2n ^ff = = 0. 1 1441 1 eV (i 3 .i 52 ) 

The corresponding bond dissociation energy, ^ , is given by the sum of the total energies of 
the oxygen atom and the corresponding hydrogen atom minus the sum of Ej,^ ( ,6 0J/) and 
E(magnetic) : 

5 E D = EC 6 O) + E(H)-E T+0se ( K OH)-E(magnetic) (13.153) 

E( l6 0) is given by Eq. (13.66), E D (H) [18] is 

E(H) = -13.59844 eV (13.154) 
and E D {D) [19] is 

E(D) = -13.603 eV (13.155) 
10 The ,6 OH bond dissociation energy, E D [ X6 OH), is given by Eqs. (13.150) and (13.152- 
13.155): 

■ 

E D ( 16 OH) = -(13.61 81 eF + 13.59844 eV) -(e (magnetic) +E T+osc ( l6 OH)) 

= -27.21654 eF-(0.114411 eF-31.74130 eV) (13.156) 
= 4.4104 eV 

The experimental 16 Q# bond dissociation energy is [20] 

E D ( u OH) = 4.41 174 eV (13.157) 

15 The 16 OD bond dissociation energy, E D ( u OD), is given by Eqs. (13.151-13.153): 

E D ( 16 OD) = -(13.6181 eK + 13.603 eV)-(E(magnetic)+E T+osc ( l6 OD)) 

= -27.2211 eF-(0.114411 eF-31.804183 eF) (13.158) 
= 4.4687 eV 

The experimental 16 OD bond dissociation energy is [21-22] 

E D ( 16 OD) = 4.454 eV (13.159) 

The results of the determination of bond parameters of OH and OD are given in 
20 Table 13.1. The calculated results are based on first principles and given in closed-fonn, 
exact equations containing fundamental constants only. The agreement between the 
experimental and calculated results is excellent. 
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WATER MOLECULE (H 2 0) 

The water molecule H 2 0 is formed by the reaction of a hydrogen atom with a hydroxyl 
radical: 

OH + H^>H 2 0 (13.160) 
5 The water molecule can be solved using the same principles as those used to solve the 
hydrogen molecule, and OH wherein the diatomic molecular orbital (MO) developed in 

the Nature of the Chemical Bond of Hydrogen-Type Molecules and Molecular Ions section 
serves as basis function in a linear combination with an oxygen atomic orbital (AO) to form 
the MO of H 2 0 . The solution is very similar to that of OH except that there are two OH 

10 bonds in water. 

♦ 

FORCE BALANCE OF H 2 0 

H 2 0 comprises two chemical bonds between oxygen and hydrogen. Each O-H bond 

4 

comprises two spin-paired electrons with one from an initially unpaired electron of the 
1 5 oxygen atom and the other from the hydrogen atom. The H z O MO is determined ,by 

■ 

considering properties of the binding atoms and the boundary constraints. The H 2 prolate 
spheroidal MO satisfies the boundary constraints as shown in the Nature of the Chemical 
Bond of Hydrogen-Type Molecules section; thus, each, H -atom electron forms, a # 2 -type 
ellipsoidal MO with one of the initially unpaired O-atom electrons. The initial O electron 
20 configuration given in the Eight-Electron Atoms section is \s 1 2s 2 2p\ and the orbital 

arrangement is given by Eqs. (1 0. 1 54) and Eq. (1 3.55). 

As shown in the case of OH in the Force Balance of OH section, the forces that 
determine the radius and the energy of the 02p shell are unchanged with bond formation. 

» 

Thus, the angular momentum of each electron of the 02p is conserved with bond formation. 

25 The central paramagnetic force due to spin of each O-H bond is provided by the spin- 
paring force of the H 2 0 MO that has the symmetry of an s orbftal that superimposes with 
the 02 p orbitals such that the corresponding angular momenta are unchanged. 

Each of the 02 p z and 02 p x electron combines with a His electron to form a 
molecular orbital. The proton of the H atom is along the internuclear axis. Due to 

30 symmetry, the other O electrons are equivalent to point charges at the origin. (See Eqs. (19- 
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38) of Appendix IV.) Thus, the energies in the H 2 0 MO involve only each 02p and each 

His electron with the formation of each O-H bond. The forces are determined by these 
energies. 

As in the case of H 2 , each of two O-H -bond MOs is a prolate spheroid with the 
5 exception that the ellipsoidal MO surface cannot extend into the O atom for distances shorter 
than the radius of the 2p shell. Otherwise, the electric field of the other 02 p electrons 
would be perturbed, and the 2p shell would not be stable. The corresponding increase in 
energy of O would not be offset by any energy decrease in the O-H -bond MO based on 
the distance from the O nucleus to the His electron compared to those of the 02 p 
10 electrons. Thus, the MO surface comprises a prolate spheroid at each H proton that is 
continuous with the 2p shell at the O atom. The sum of the energies of the prolate 
spheroids is matched to that of the 2 p shell. 

The orbital energy E for each elliptical cross section of the prolate spheroidal MO is 
given by the sum of the kinetic T and potential V energies. E = T+V is constant, and the 
15 closed orbits are those for which T <| V | , and the open orbits are those for which TZ\V\. It 
can be shown that the time average of the kinetic energy, <T> y for elliptic motion in an 
inverse-squared field is 1/2 that of the time average of the magnitude of the potential energy, 
\<V>\. <r>=l/2|<7>| [11], In the case of an atomic orbital (AO), E = T+V, and for all 

points on the AO, |£| = T = 1 /2\v\ . As shown in the Hydrogen-type Molecular Ions section, 
20 each point or coordinate position on the continuous two-dimensional electron MO defines an 

infinitesimal mass-density element which moves along an orbit comprising an elliptic plane 

■ 

cross section of the spheroidal MO through the foci. The motion is such that eccentric angle, 
6 , changes at a constant rate at each point That is 0 = cot at time t where a? is a constant, 
and 

25 r (f) = ia cos cot + jb sin cot (13.161) 

Consider the boundary condition that the MO of H 2 0 comprises a linear combination of an 
oxygen AO and two # 2 -type ellipsoidal MOs, one for each O-H -bond. The charge density 
of each # 2 -type ellipsoidal MO given by Eqs. (11.44-11.45) and (13.3-13.4) maintains that 
the surface is an equipotential; however, the potential and kinetic energy of a point on the 

30 surface changes as it orbits the central field. The potential energy is a maximum and the 
kinetic energy is a minimum at the semimajor axis, and the reverse occurs at the semiminor 
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axis. Since the time average of the kinetic energy, < T > , for elliptic motion in an inverse- 
squared field is 1/2 that of the time average of the magnitude of the potential energy, by 
symmetry, the <7'>=1/2<|K|> condition holds for 1/2 of each # 2 -type ellipsoidal MO 
having the H focus and ending at the plane defined by the semiminor axes. The O nucleus 
5 comprises the other focus of each OH -MO component of the H 2 0 MO. The 02p AO 
obeys the energy relationship for all points. Thus, the linear combination of the H 2 -type 
ellipsoidal MO with the 02p AO must involve a 25% contribution from the tf 2 -type 
ellipsoidal MO to the Q2p AO in order to match the energy relationships. Thus, the H 2 0 
MO must comprise two O-H -bonds with each comprising 75% of a # 2 -type ellipsoidal 
10 MO (1/2 +25%) and an oxygen AO: 

[1 Q2p z AO +0.75 H 2 MO]+[l 02p y AO+0.75 H 2 MO~\ H 2 0 MO (13.162) 

The force balance of the H 2 0 MO is determined by the boundary conditions that 
arise from the linear combination of orbitals according to Eq. (13.162). The force constant k 
15 of a /f 2 -type ellipsoidal MO due to the equivalent of two point charges of at the foci is given 
by Eq. (11.65): 
2e 2 



k = 



to (13163) 



Since the each H 2 -type ellipsoidal MO comprises 75% of the O-H -bond MO, the electron 
charge density in Eq. (13.163) is given by -0.75e . Thus, k' of the each H 2 -type-ellipsoidal- 
20 MO component of the H 2 0 MO is 

(0.75) 2e 2 

k -~dr (13164) 

L for the electron equals h ; thus, the distance from the origin of each O-H -bond MO to 
each focus c % is given by Eqs. (1 1.79) and (13.164): 



h Ane n I2aa f . 

(13.165) 



m e e \.5a 

25 The internuclear distance from Eq. (13.165) is 



(13.166) 
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The length of the semiminor axis of the prolate spheroidal O-H -bond MO b = c given by 
Eq. (11.80) is 



b = >Ja 2 -c' 2 (13.167) 
The eccentricity, e , is 



c' 

e = — 
a 



(13.168) 

The solution of the semimajor axis a then allows for the solution of the other axes of the 
prolate spheroid and eccentricity of the O- H -bond MO. 

The general equation of the ellipsoidal MO having semiprincipal axes a, b y c given 

by 



Y 2 V 2 <7 2 ' 

10 iL + Z_+£_ = 1 

a 2 b 2 V 



(13.169) 



is also completely determined by the total energy E given by Eq. (11.18): 



m—k 

r=_ 7 ^ ^ (13.170) 



1 + 



L 

\ + 2Em—k~ 2 | cos0 
y vn 



The energy of the oxygen 2p shell is the negative of the ionization energy of the oxygen 
atom given by Eqs. (10.163) and (13.66). Experimentally, the energy is [12] 
15 E(2p shell) = -E(ionization; O) = -13.6181 eV (13.171) 

Since each of the two prolate spheroidal O-H -bond MOs comprises a H 2 -type-ellipsoidal 
MO that transitions to the O AO, the energy E in Eq. (13.171) adds to that of the two 
corresponding i/ 2 -type ellipsoidal MOs to give the total energy of the H 2 0 MO. From the 

energy equation and the relationship between the axes given by Eqs. (13.165-13.168), the 
20 dimensions of the H 2 0 MO are solved. 

■ 

The energy components defined previously for the molecule, Eqs. (11.207-11.212), 
apply in the case of H 2 0. Since the H 2 0 MO comprises two equivalent O-H -bond MOs, 
each a linear combination of a H 2 -type-ellipsoidal MO and an Olp AO, the corresponding 
energy component of the H 2 0 MO is given by the linear superposition of the component 
25 energies. Thus, the energy scale factor is given as two times the force factor, the term in 
parentheses in Eq. (1 3 . 1 64). In addition to the equivalence and linearity principles, this factor 
also arises from the consideration of the nature of each bond and the linear combination that 
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forms the H 2 0 MO. Each O-H -bond-energy component is the total for the two equivalent 
electrons with the exception that the total charge of the two electrons is normalized over the 
three basis set functions, two O-H -bond MOs (0#-type ellipsoidal MOs given in the 
Energies of OH section) and one 02p AO. Thus, the contribution of the O-H -bond MOs 

5 to the H 2 0 MO energies are those given for H 2 (1/ p) in the Energies of Hydrogen-Type 

Molecules multiplied by a factor of 3/2 as in the case with i/ 3 + (Eqs. (13.12), (13.15), 

13.18-13.20)). In addition, the two sets of equivalent nuclear-point-charge pairs give rise to a 
factor of two times the proton-proton repulsion energy given by Eq. (11.208). Thus, the 
component energies of the H 2 0 MO are twice the corresponding energies of the OH MO 

10 given by Eqs. (13.67-13.73), the parameters a, b , andc' are given by Eqs. (13.165-13.167), 
respectively. 



r 
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(13.178) 



Since the each prolate spheroidal H 2 -type MO transitions to the O AO and the energy of the 

20 02p shell must remain constant and equal to the negative of the ionization energy given by 

Eq. (13.171), the total energy E T (H 2 0) of the H 2 0 MO is given by the sum of the energies 

of the orbitals corresponding to the composition of the linear combination of the O AO and 
the two H 2 -type ellipsoidal MOs that forms the H 2 0 MO as given by Eq. (13.162): 
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(13.179) 



4jre 0 c' 



'3_3_q 
2 8a 



a+c' 



0 'ln^-^-i 
a-c 1 



-13.6181 



The two hydrogen atoms and the oxygen atom can achieve an energy minimum as a linear 
combination of two # 2 -type ellipsoidal MOs each having the proton and the oxygen nucleus 
as the foci. Each O-H -bond MO comprises the same 02p shell of constant energy given 
5 by Eq. (13.171). Thus, the energy of the H 2 0 MO is also given by the sum of that of the two 
H 2 -type ellipsoidal MOs given by Eq. (11.212) minus the energy of the redundant oxygen 
atom of the linear combination given by Eq. (13.171): 

V2 



E T (2H 2 -0) = -2 



2V2-V2 + 



V2-1 



-E(2p shell) 



= 2 (-3 1.63536831 eP)-(-13.6181 eV) 
= -49.652637 eV 



(13.180) 



ErfaO) given by Eq. (13.179) is set equal to two times the energy of the .tf 2 -type 
10 ellipsoidal MO minus the energy of the 02p shell given by Eq. (13.180): 



E T (H 2 0) = 



. 4jts n c' 



[|-|— V £±£ T- 1 1-13.6181 eV = -49.652637 eV 
\2 8 a J a-c' J 



15 



(13.181) 

From the energy relationship given by Eq. (13.181) and the relationship between the axes 
given by Eqs. (13.165-13.167), the dimensions of the H 2 0 MO can be solved. 
Substitution of Eq. (13.165) into Eq. (13.181) gives 



3 3 a 



0. 

8a; 



a+ 



'2aa, 



In 



a- 



l2aa. 



-1 



= e36.034537 



(13.182) 



The most convenient way tq solve Eq. (13.182) is by the reiterative technique using a 
computer. The result to within the round-off error with five-significant figures is 

a = 1.2641a 0 =6.68933 X 10"" m (13.183) 



20 Substitution of Eq. (1 3 . 1 83) into Eq. (1 3 . 1 65) gives 
c' = 0.918005a 0 = 4.85787 X 10' 11 m 



(13.184) 



The internuclear distance given by multiplying Eq. (13.184) by two is 
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(13.186) 



(13.187) 
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2c' = 1.83601 a 0 =9.71574 X l<r u m 
The experimental bond distance is [23] 

2c' = 9.70±.005JT 10 -11 m 
Substitution of Eqs. (13.177-13.176) into Eq. (13.167) gives 
5 b = c = 0.869031<7 0 = 4.59871 X 10 _n m 

Substitution of Eqs. (13.177-13.176) into Eq. (13.168) gives 

e = 0.726212 (13.188) 
The nucleus of the H atom and the nucleus of the O atom comprise the foci of each 
#2 _t yP e ellipsoidal MO. The parameters of the point of intersection of each # 2 -type 
10 ellipsoidal MO and the 02p y AO or 02 p z AO can be determined from the polar equation of 
the ellipse (Eq. (11.10)): 



r = r n 



l+e 



_7 (13.189) 
l+ecos#' 

The radius of the Olp shell given by Eq. (10-162) is r 8 = a 0 , and the polar radial coordinate 
of the ellipse and the radius of the 02 p shell are equal at the point of intersection. Thus, Eq. 
15 (13.189) becomes 



a 0 =(a-c') 



1+— 



1 + — COS0 1 

a 



(13.190) 



such that the polar angle 9 1 is given by 



9' = cos" 1 



a 

T 7 



1+— 



(a-c*) — ^-1 



(13.191) 



J) 



Substitution of Eqs. (13.177-13.176) into Eq. (13.191) gives 
20 9' = 123.66° (13.192) 

Then, the angle 9 02pAO the radial vector of the Olp AO makes with the internuclear axis is 



0 o2pao =180°-123.66° = 56.33° 



(13.193) 



as shown in Figure 7. The distance from the point of intersection of the orbitals to the 
internuclear axis must be the same for both component orbitals. Thus, the angle cot = 9 H%MO 

25 between the internuclear axis and the point of intersection of each H 2 -type ellipsoidal MO 



with the O radial vector obeys the following relationship: 
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a o sin ^o = bsine HiMO (13.194) 
such that 

a ----> a o s]ae o2pAo ■ -i<JoSin56.33° 

O h &o = sm b =sm '3> — (13.195) 

with the use of Eq. (13.193). Substitution of Eq. (13.188) into Eq. (13.195) gives 
5 ^ 0 =73.28° (13 . 196) 

Then, the distance d HJlf0 along the internuclear axis from the origin of H 2 -type ellipsoidal 

MO to the point of intersection of the orbitals is given by 

d Hl uo = acos0 Hjli o (13.197) 
Substitution of Eqs. (13.183) and (13.196) into Eq. (13.197) gives 

* < 

10 d HiU0 = 0.3637a 0 = 1 .9244 X 10"" m (13.198) 

The distance d 02pA0 along the internuclear axis from the origin of the O atom to the point of 
intersection of the orbitals is given by 

d o2 P Ao=c-d {tiMO (13.199) 
Substitution of Eqs. (13.184) and (13.198) into Eq. (13.199) gives 

* 

15 doipAo = 0.5543a 0 » 2.93343 X 10" 11 m (13.200) 

In addition to the intersection of the i/ 2 -type MO with the Olp shell, two adjoining 
ellipsoidal # 2 -type MOs intersect at points of equipotentiaL The angle and distance 
parameters are given by Eqs. (13.595-13.600) for the limiting methane case wherein four 
adjoining intersecting H 2 -type MOs have the possibility of forming a self-contained two- 

m ■ 

20 dimension equipotential surface of charge and current. Charge continuity can be obeyed for 
the H 2 0 MO if the current is continuous between the adjoining i/ 2 -type MOs. However, in 
the limiting case of methane, the existence of a separate linear combination of the H 2 -type 
MOs comprising four-spin paired electrons, not connected to the bonding carbon heteroatom 
requires that the electron be divisible. It is possible for an electron to form time-dependent 

25 singular points or nodes having no charge as shown by Eqs. (1.65a-1.65b), and two- 
dimensional charge distributions having Laplacian potentials and one-dimensional regions of 
zero charge are possible for macroscopic charge densities and currents as given in Haus and 
Melcher [24]. However, it is not possible for single electrons to have two dimensional 
discontinuities in charge based on internal forces and first principles discussed in Appendix 
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IV. Thus, at the points of intersection of Ihe # 2 -type MOs of methane, symmetry, electron 
indivisibility, current continuity, and conservation of energy and angular momentum require 
that the current between the points of mutual contact and the carbon atom be projected onto 
and flow along the radial vector to the surface of the C2sp 3 shell. This current designed the 
5 bisector current (BC) meets the Clsp 3 surface and does not travel to distances shorter than 
its radius. The methane result must also apply in the case of other bonds including that of the 
water molecule. Here, the # 2 -type MOs intersect and the ellipsoidal current is projected 
onto the radial vector to the 02p shell and does not travel to distances shorter than its radius 
as in the case of a single O-H bond. 
10 As shown in Eq. (13.162), in addition to the p -orbital charge-density modulation, the 

I • * - • 

■ 

uniform charge-density in the p z and p y orbitals is increased by a factor of 0.25 and the H 
atoms are each decreased by a factor of 0.25. Using the orbital composition of H 2 0 (Eq. 
(13.162)), the radii of Ob = 0.12739a 0 (Eq. (10.51)), 02s = 0.59020a 0 (Eq. (10.62)), and 
O2p = a 0 (Eq. (10.162)) shells, and the parameters of the H 2 0 MO given by Eqs. (13.3- 
15 13.4), (13.183-13.185), (13.187-13.188), and (13.192-13.200), the charge-density of the H 2 0 
MO comprising the linear combination of two O-H -bond MOs (Off -type ellipsoidal MOs 
given in the Energies of OH section) according to Eq. (13.162) is shown in Figure 9. Each 
O-H -bond MO comprises a # 2 -type ellipsoidal MO and an 02p AO having the 
dimensional diagram shown in Figure 8. 

20 

ENERGIES OF H 2 0 

The energies of H 2 0 given by the substitution of the semiprincipal axes (Eqs. (13.183- 
13.185) and (13.187)) into the energy equations (Eqs. (13.172-13.180)) are 
v f3"l ~2e 2 . a + Ja 2 -b 2 „, 



25 F ' =2 i^fo = 296421 BV ^ 



T = 



l2j^3F ln ^^r = 3 2.3833 eV ( 13 .203) 
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■h 2 , a+Jcf-b 2 



V m 



(3\ -h 2 . a+Ja 2 -b 2 

=h ~ n=Tr In ■ n == = -l6A9\7eV (13.204) 

\2J4m e aJa 2 -b 2 <j~Va -b 2 



E T {Hfi) = --^- % f~|-^lln^-ll-13.6181«^ = -49.6558eF (13.205) 

4xs 0 c' l\2 8 a J a-c' J 

where E T (H 2 0) is given by Eq. (13,179) which is reiteratively matched to Eq. (13.180) 
within five-significant-figure round-off error. 

5 

VIBRATION OF H z O 

The vibrational energy levels of H t O may be solved as two equivalent coupled harmonic 

oscillators by developing the Lagrangian, the differential equation of motion, and the 
eigenvalue solutions [2] wherein the spring constants are derived from the central forces as 
10 given in the Vibration of Hydrogen-Type Molecular Ions section and the Vibration of 
Hydrogen-Type Molecules section. 



THE DOPPLER ENERGY TERM OF H 2 0 

The radiation reaction force in the case of the vibration of H 2 0 in the transition state 
15 corresponds to the Doppler energy, E D> given by Eq. (11.181) and Eqs. (13.22) and (13.144) 
that is dependent on the motion of the electrons and the nuclei. The kinetic energy of the 
transient vibration is derived from the corresponding central forces. As in the case of H% , 

the water molecule is a linear combination of three orbitals. The water MO comprises two 
H 2 -type ellipsoidal MOs and the O AO. Thus, the force factor of water in the determination 

20 of the Doppler frequency is equivalent to that of the ion given in Eqs. (13.18-13.20) and 

given by Eq. (13.164). From Eqs. (11.231-11.232) and (13.18-13.20), the central force terms 
between the electron density and the nuclei of each O - H -bond MO with the radius of the 
orbit at the oxygen atom fixed at 

■ 

fi^o (13.206) 
25 according to Eq. (10.162) with the oscillation along the semiminor axis are 

and 
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2e * (13.208) 



Ane 0 b 



V 

Thus, using Eqs. (1 1.136) and (13.207-13.208), the angular frequency of this oscillation is 



l 1 ) 

UJ 


1 e ' 







(13.209) 



The kinetic energy, E K , is given hy Planck's equation (Eq. (1 1 .127)): 
5 E K = fto = #6.24996 AT 10 16 rarf/* = 41.138334 (13.210) 

The three basis elements of water, H , H , and Q , all have the same Coulombic energy as 
given by Eqs. (1.243) and (10.163), respectively, such that the Doppler energy involves the 
total energy of the H 2 0 MO. Thus, in Eq. (1 1.181), substitution of the total energy of H 2 0, 

E T {H 2 0)> (Eqs. (13.179-13.180) and Eq. (13.181)) for , the mass of the electron, m e , for 
10 M , and the kinetic energy given by Eq. (13.210) for E K gives the Doppler energy of the 
electrons for the reentrant orbit: 



En ^9.652637 iF ^T^ " -°- 630041 ^ < 13 ' 21 ! > 

The total energy of if 2 0 is decreased by E D • 

In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 

15 transition state at their corresponding frequency. On average, the total energy of vibration is 
equally distributed between kinetic energy and potential energy [4]. Thus, the average 
kinetic energy of vibration corresponding to the Doppler energy of the electrons, E Kvib , is 1/2 
of the vibrational energy of H 2 0 . The decrease in the energy of H 2 0 due to the reentrant 
orbit in the transition state corresponding to simple harmonic oscillation of the electrons and 

20 nuclei, E osc , is given by the sum of the corresponding energies, E D and E Kvib . Using Eq. 
(13.211) and the experimental H l6 OH vibrational energy of 
E vib = 3755.93 cm' 1 = 0.465680 eV [25] gives 

^•-^+^-^+^ (13 * 212) 
E' =-0.630041 eV + 1(0.465680 e^) = -0.397201 eV (13.213) 

OSC ^\ V * 
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per bond. As in the case for H$(\lp) shown in the Doppler Energy Term of # 3 + -type 

Molecular Ions section, the reentrant orbit for the binding of a hydrogen atom to a hydroxyl 
radical causes the bonds to oscillate by increasing and decreasing in length along the two 
O- H bonds at a relative phase angle of 180°. Since the vibration and reentrant oscillation 



To the extent that the MO dimensions are the same, the electron reentrant orbital 
energies, E K , are the same independent of the isotope of hydrogen, but. the vibrational 

energies are related by Eq. (11.148). Thus, the differences in bond energies are essentially 
10 given by 1/2 the differences in vibrational energies per bond. Using Eq. (13.211), Eqs. 
(13.212-13.214), and the experimental D l6 OD vibrational energy of 
E vib = 2787.92 cm" 1 = 0.345661 eV [25], the corresponding E osc (d 16 OD) is 





= 2^-0.630041 eF+~(0.465680e 
= -0.794402 




(13.214) 




(13.215) 



15 TOTAL AND BOND ENERGIES OF H i6 OH AND D l6 OD 



e t+osc{ H 2 16 °)> the total energy of the H l6 OH including the Doppler term, is given by the 

■ 

sum of E T [H 2 0) (Eq. (13.181)) and E mc (H l6 OH) given Eqs. (13.207-13.214): 

r 

Er+nc [H 2 u O] = V e +T+V m + V p + E(02p)+E ox (H is OH) 

, . _ , „ x ' (13.216) 

= E t [H 2 0)+E osc (H 16 OH) 
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E 



T+osc 



{H«0) = 



' -e 1 (' 



4^e 0 c' 



3 
2 



3 a, 
8 a 



\ 



J 



In 



a + c' 



a—c 



-1 



-13.6181 eV 



1 + 2^ 



2h 



i 



1 



2 4^F 0 6 : 



+2 



2 V^J 



= -49.652637 eV- 2 



0.630041 eK--fiJ— 
V 2 W 



(13.217) 



From Eqs. (13.214) and (13.216-1 3.217), the total energy of H u OH is 



Et+os, fa 16 0) = -49.652637 eV + E^(H"OH) 



= -49.652637 
= -50.447039 <?K 



-2^0. 



1 



630041 eK-| (0.465680 eV) 



(13.218) 



5 where the experimental vibrational energy was used for the h i— term. £ r+aB [D 2 l6 Oj , the 



total energy of D H OD including the Doppler term is given by the sum of 
E T (D 2 0) = E T [H 2 0) (Eq. (13.181)) and E^D^OD) given by Eq. (13.215): 



Er+o* [A 16 0) = -49.652637 eV + E osc (D u OD) 



= -49.652637 eV 
= -50.567058 eV 



-2^0. 



1 



630041 eV --(0.345661 eV) 

2 



J 



(13.219) 




where the experimental vibrational energy was used for the h i— term. As in the case of the 



1 0 hydroxyl radical, the dissociation of the bond of the water molecule forms a free hydrogen 
atom and a hydroxyl radical, with one unpaired electron each. The lowering of the energy of 
the reactants due to the magnetic dipoles decreases the bond energy. Thus, the total energy of 
oxygen is reduced by the energy in the field of the two magnetic dipoles given by Eq. 
(13.152). The corresponding bond dissociation energy, E D9 is given by the sum of the total 
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energies of the corresponding hydroxyl radical and hydrogen atom minus the total energy of 
water, E T , 0SC [h^OH), and E(magnetic) . 

Thus, E D of H l6 OH is given by: 

E D [H"OH] = E(H) + E( i6 OH) - E T+CS , [h x6 OH]- E(magnetic) (13.220) 
5 where E T C 6 OH) is given by the of the sum of the experimental energies of t6 0 (Eq. 

(13.171)), H (Eq. (13.154)), and the negative of the bond energy of l6 OH (Eq. (13.157)): 

E( lfi O/f) = -13.59844eF-13.6181eF-4.41174eF = -31.62828eF (13.221) 

FromEqs. (13.154), (13.218), and (13.220-13.221),£ D (ff 1<; Otf) is 

E D (H l6 OH) = E(H) + EC 6 OH)-(E(magnetic) + E TMac [H 16 0H)) 

= -13.59844 eV - 3 1 .62828 eV -(0.1 1441 1 eV - 50.447039 eV) 
= 5.1059 eV 

10 (13.222) 

The experimental H 16 OH bond dissociation energy is [26] 

E D (H u OH) = 5.0991 eV (13.223) 

Similarly, E D of D x6 OD is given by: 

E D [D 16 OH) = £(£>) + E( 16 OD) -[E{magnetic)+E T ^ (D 16 0D)) (13.224) 
15 where E T ( i6 OD) is given by the of the sum of the experimental energies of 16 O (Eq. 

(13.171)), D (Eq. (13.155)), and the negative of the bond energy of 16 OD (Eq. (13.159)): 

E( 16 QD) = -13.603 -13.6181 <?K - 4.454 = -3 1 .6721 eV (13.225) 

From Eqs. (13.155), (13.220), and (13.224-13.225),jE d (d ,6 OD) is 

E D (D l6 OD) = -13.603 eV -31.6721 eV -(0.1 14411 eV -50.567058 eV) 22g) 
= 5.178 eV 

20 The experimental D 16 OD bond dissociation energy is [27] 

E D (D l6 OD) = 5.191 eV (13.227) 



BOND ANGLE OF H 2 0 

The H 2 0 MO comprises a linear combination of two 0~H -bond MOs. Each O-H -bond 
25 MO comprises the supeiposition of a i/ 2 -type ellipsoidal MO and the 02p 3 AO or the 
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02p y AO with a relative charge-density of 0.75 to 1.25; otherwise, the 02p orbitals are the 

same as those of the oxygen atom. A bond is also possible between the two H atoms of the 
O-H bonds. Such H - H bonding would decrease the O-H -bond strength since electron 
density would be shifted from the O-H bonds to the H-H bond. Thus, the bond angle 
5 between the two O - H bonds is determined by the condition that the total energy of the H 2 - 
type ellipsoidal MO between the terminal H atoms of the O-H bonds is zero. Since the 
two # 2 -type ellipsoidal MOs comprise 75% of the H electron density of H 2 ; the energies 
and the total energy E T of the H-H bond is given by Eqs. (13.67-13.73). From Eq. 
(1 1 .79), the distance from the origin to each focus of the H - H ellipsoidal MO is 



10 c' = a^- 



m e e 2 2a 



(13.228) 



The inteniuclear distance from Eq. (13.228) is 



2c' = 2J5l (13.229) 

The length of the semiminor axis of the prolate spheroidal H-H MO b = c is given by Eq. 
(13.167). Substitution of Eq. (13.228) into Eq. (13.73) gives 



e 2 

15 ■ E T = 



(3 3 



\ 2 8 a J a _ j aa 0 



(13.230) 



The radiation reaction force in the case of the vibration of H-H in the transition 
state corresponds to the Doppler energy, E D , given by Eq. (11.181) that is dependent on the 

motion of the electrons and the nuclei. The total energy E T that includes the radiation 
reaction of the H - H MO is given by the sum of E T (Eq. (13.73)) and E^ (H 2 ) given Eqs. 

20 (11.213-11.220), (11.231-11.236), and (11.239-11.240). Thus, the total energy E T (H-H) 
of the H-H MO including the Doppler term is 

E T = V. + T + V m + V p + E m (H - H) (1 3.23 1) 
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0.75e 2 




1 4^e 0 a 3 




>w c c 2 
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(13.232) 



+— ft 
2 



1 



0.75e 2 


e 2 


8^£ 0 a 3 


8fls 0 (a+c') 


0.5w p 



To match the boundary condition that the total energy of the H -H ellipsoidal MO is 
zero, E T (H - H ) given by Eq. (1 3 .232) is set equal to zero: 



0 = 



-e 



fijiivixi:., 







0.75e 2 








M 




m e c 2 



2 



1 



0.75e 2 


e 2 









(13.233) 



From the energy relauonsnip given by fcq. ^i^.zjj; ana uie reianonsmp Deiwecn l 
given by Eqs. (13.165-13.167), the dimensions of the H - H MO can be solved. 

The most convenient way to solve Eq. (13.233) is by the reiterative technique 
computer. The result to within the round-off error with five-significant figures is 

. _ . _ — . in 



axes 



using a 



a = 4.300a 0 = 2.275 X 10 -10 m 
10 Substitution ofEq. (13.234) into Eq. (13.228) gives 
c' = 1 .466a 0 = 7.759 X 10 -u m 
The internuclear distance given by multiplying Eq. (13.235) by two is 

2c' = 2.933a 0 = 1.552 X l<r'° m 
Substitution of Eqs. (13.234-13.235) into Eq. (13.167) gives 

» 

15 fe = c = 4.042fl 0 =2.139X10- 10 m 

Substitution of Eqs. (13.234-13.235) into Eq. (13.168) gives 



(13.234) 



(13.235) 



(13.236) 



(13.237) 
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* = 0.341 (13.238) 
Using, distance between the two H atoms when the total energy of the corresponding 

MO is zero, the corresponding bond angle can be determined from the law of cosines: 

A 2 + B 2 - 2,45cosine0 = C 2 (1 3.239) 

5 With A = B = 2c' 0 _ H9 the internuclear distance of each O-H bond given by Eq. (13.185), 

and C = 2e' H _ H , the internuclear distance of the two H atoms, the bond angle between the 

O-H bonds is given by 

(2c Vmt ) 2 + (2c Vh / - 2 (2c V* ) 2 cosine 0 = (2c ) 2 (13 .240) 



(9 = cos 



^2(2 C l 0 . J/ ) 2 -(2 C y g ) 2N 



,2 



(13.241) 



,2\ 

"i f 1 X 4*K 1 _ i '7 U '-l -t 1 

0 = cos" 1 



2(2c' 0 _ ff ) 

10 Substitution of Eqs. (13.185) and (13.236) into Eq. (13.241) gives 

r 2(l.836) 2 -(2.933) 3 
^ . .2(1.836)' 

= cos -1 (-0.2756) (13.242) 
= 105.998° 

The experimental internuclear distance of the two H atoms, 2c ' H _ H , is [23] . 

lc\_ H = 1.55±0.01 X lO" 10 m (13.243) 

which matches Eq. (13.236) very well. The experimental angle between the O- H bonds is 
15 [23] 

* 

0 = 106° (13.244) 
which matches the predicted angle given by Eq. (13.242). 

The results of the determination of bond parameters of H 2 0 and D 2 0 are given in 

Table 13.1. The calculated results are based on first principles and given in closed-form, 
20 exact equations containing fundamental constants only. The agreement between the 
experimental and calculated results is excellent 

HYDROGEN NITRIDE (NH ) 

The ammonia molecule can be solved by first considering the solution of the hydrogen and 
25 dihydrogen nitride radicals. The former is formed by the reaction of a hydrogen atom and a 
nitrogen atom: 

H + N-+NH (13.245) 
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The hydrogen nitride radicals, NH and NH 2 , and ammonia, NH 3 , can be solved using the 
same principles as those used to solve OH and H 2 0 . 

FORCE BALANCE OF NH 

5 NH comprises two spin-paired electrons in a chemical bond between the nitrogen atom and 
the hydrogen atom such that two electrons on N remain unpaired. The NH radical 
molecular orbital (MO) is determined by considering properties of the binding atoms and the 
boundary constraints. The prolate spheroidal H 2 MO developed in the Nature of the 
Chemical Bond of Hydrogen-Type Molecules section satisfies the boundary constraints; thus, 

10 the //-atom electron forms a # 2 -type ellipsoidal MO with one of the TV-atom electrons. 

. 

The N electron configuration given in the Seven-Electron Atoms section is ls 2 2s 2 2p 3 , and 
the orbital arrangement is 

2p state 

JL JL JL (13.246) 
1 0 -1 

corresponding to the ground state 4 S 3 °, 2 . The N2p x electron combines with the His 
15 electron to form a molecular orbital. The proton of the H atom is along the internuclear 
axis. Due to symmetry, the other N electrons are equivalent to point charges at the origin. 
(See Eqs. (19-38) of Appendix IV.) Thus, the energies in the NH MO involve only the 
N2p x and His electrons and the change in the magnetic energy of the N2 p x electron with 

the other N electrons (Eq. (13.305)) with the formation of the NH MO. The forces are 
20 determined by these energies. 

As in the case of H 29 the MO is a prolate spheroid with the exception that the 
ellipsoidal MO surface cannot extend into N atom for distances shorter than the radius of the 
2p shell. Thus, the MO surface comprises a prolate spheroid at the H proton that is 
continuous with the 2/? shell at the N atom' whose nucleus serves as the other focus. The 
25 energy of the prolate spheroid is matched to that of the N2p shell. As in the case with OH, 

w 

the linear combination of the if 2 -type ellipsoidal MO with the N2p AO must involve a 25% 

contribution from the i/ 2 -type ellipsoidal MO to the N2p atomic orbital (AO) in order to 

match potential, kinetic, and orbital energy relationships. Thus, the NH MO must comprise 
75% of a # 2 -type ellipsoidal MO and a nitrogen AO: 
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1 N2p x AO +0.75 H 2 MO -» NH MO (13.247) 

The force balance of the NH MO is determined by the boundary conditions that arise from 
5 the linear combination of orbitals according to Eq. (13.247) and the energy matching 
condition between the hydrogen and nitrogen components of the MO. 

Similar to the OH case given by Eq. (13.59), the i/ 2 -type ellipsoidal MO comprises 

75% of the NH MO; so, the electron charge density in Eq. (11.65) is given by -0.75e. 
Based on the condition that the electron MO is an equipotential energy surface, Eq. (1 1 .79) 
10 gives the ellipsoidal parameter c' in terms of the central force of the foci, the electron 
angular momentum, and the ellipsoidal parameter a . To meet the equipotential condition of 
the union of the H 2 -type-ellipsoidal-MO and the N AO, the force constant used to 

■ 

determine the ellipsoidal parameter c' is normalized by the ratio of the ionization energy of 
N 14.53414 eV [6] and 13.605804 eV , the magnitude of the Coulombic energy between the 
15 electron and proton of H given by Eq. (1.243). This normalizes the force to match that of 
the Coulombic force alone to met the force matching condition of the NH MO under the 
influence of the proton and the N nucleus. Thus, k' ofEq. (11.79) to determine c f is 

(0.75)2e 2 - . (0.75)2e 2 

k = ] 14.53414 = (°' 936l27 r-^ < 13 ' 248 ) 
0 13.605804 

L for the electron equals h ; thus, the distance from the origin of the NH MO to each focus 
20 c ' is given by Eqs. (1 1 .79) and (13.248): 



c ' = J a x = J 7 2a °° z = J0.712154*a 0 (13.249) 

\m e e 2 \.5a (0.936127) ^[3(0.936127) V 0 K ; 

The internuclear distance from Eq. (13.249) is 

2c ' = 2^/0/712154^ (13.250) 

The length of the semiminor axis of the prolate spheroidal NH MO b = c is given by Eqs. 
25 (11.80) and (13.62). The eccentricity, e, is given by Eq. (13.63). Then, the solution of the 
semimajor axis a allows for the solution of the other axes of the prolate spheroidal and 
eccentricity of the NH MO. 

The energy of the nitrogen 2 p shell is the negative of the ionization energy of the 
nitrogen atom given by Eq. (10.143). Experimentally, the energy is [6] , 
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E(2p shell) = -EQonization; AO =-14.53414 eV (13.251) 
Since the prolate spheroidal MO transitions to the N AO, the energy E in Eq. (13.251) adds 
to that of the H 2 -type ellipsoidal MO to give the total energy of the NH MO. From the 
energy equation and the relationship between the axes given by Eqs. (13.249-13.250) and 
5 (13.62-13.63), the dimensions of the NH MO are solved. 

The energy components of V t , V , T, V a , and E T are the same as those of OH 

given by Eqs. (13.67-13.73). Similarly to OH , the total energy E T (NH) of the NH MO is 
given by the sum of the energies of the orbitals corresponding to the composition of the linear 
combination of the N AO and the tf 2 -type ellipsoidal MO that forms the NH MO as given 

10 by Eq. (13.247): , . 

E T [NH) = E T + E[ 2p shell) 

• • • ' * 

= E T - E(ionization\ N) 



(13.252) 



8ns n c 



2 8 a ) 



ln^-1 
a-c' 



-14.53414 



To match the boundary condition that the total energy of the entire the # 2 -type ellipsoidal 

r 

MO is given by Eqs. (1 1.212) and (13.75), E T (NH) given by Eq. (13.252) is set equal to Eq. 



(13.75): 



15 



E T [NH) = 



^2 8 a ) a-c' 



1 



-14.53414 eV = -3 1.63 536831 eV 



(13.253) 

From the energy relationship given by Eq. (13.252) and the relationship between the axes 
given by Eqs. (13.249-13.250) and (13.62-13.63), the dimensions of the NH MO can be 
solved. 

20 Substitution of Eq. (13.249) into Eq. (13.253) gives 

_2 



(3 3 fljjV a+V0.712154qq 0 t 
8^70.71215400,, [U 8 a ) a-V0.712154aa 0 



= el7.10123 (13.254) 



The most convenient way to solve Eq. (13.254) is by the reiterative technique using a 
computer. The result to within the round-off error with five-significant figures is 

0 = 1.362750, =7.21136 X 10' 11 m (13.255) 



25 Substitution of Eq. (13.255) into Eq. (13.249) gives 
c' = 0.98513o n =5.21310* 10"" m 



(13.256) 
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The internuclear distance given by multiplying Eq. (13.256) by two is 

2c' = 1 ,97027a 0 = 1 .04262 X 10" 10 m (13.257) 
The experimental bond distance is [28] 

2^ = 1.0362* lO" 10 * (13.258) 
5 Substitution of Eqs. (13.255-13.256) into Eq. (13.62) gives 

b = c = 0.94159a 0 =4.98270 X 10" 11 m (13.259) 
Substitution of Eqs. (13.255-13.256) into Eq. (13.63) gives 

e = 0.72290 (13.260) 
The nucleus of the H atom and the nucleus of the N atom comprise the foci of the # 2 -type 
10 ellipsoidal MO. The parameters of the point of intersection of the # 2 -type ellipsoidal MO 
and the N2p x AO are given by Eqs. (13.84-13.95). The polar intersection angle 0' is given 

• * 

by 



0'=cos-' 



c* 



(a-c') — 2.-1 



(13.261) 



where r n =r 7 = 0.93084a 0 is the radius of the N atom. Substitution of Eqs. (13.255-13.256) 
15 into Eq. (13.86) gives 

f = 114.61« (13.262) 
Then, the angle 0 N2PiAO the radial vector of the N2p x AO makes with the internuclear axis is 

^ o =180°-114.61 o = 65.39° . (13.263) 

as shown in Figure 10. 

20 The distance from the point of intersection of the orbitals to the internuclear axis must 

be the same for both component orbitals. Thus, the angle a>t = 6 H ^ 0 between the 

internuclear axis and the point of intersection of the H 2 -type ellipsoidal MO with the N 
radial vector obeys the following relationship: 

r i sin <Wo - 0.93084a 0 smO N2pxAO = 6sin^ (13.264) 
25 such that 

^ = sin - = sta- OX**.***- (13 265) 

with the use of Eq. (13.263). Substitution of Eq. (13.259) into Eq. (13.265) gives 
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<Vo= 64.00° (13 .266) 
Then, the distance d H ^ 0 along the internuclear axis from the origin of H 2 -type ellipsoidal 
MO to the point of intersection of the orbitals is given by 

d H&o = acosd H,Mo (13.267) 
5 Substitution of Eqs. (13.255) and (13.266) into Eq. (13.267) gives 

*h#o = 0.59747« 0 = 3.16166 X lO"" m (13.268) 
The distance d mjA0 along the internuclear axis from the origin of the N atom to the point of 
intersection of the orbitals is given by 

d N2pAO= C '- (i H J UO (13.269) 

10 Substitution of Eqs. (13.79) and (13.93) into Eq. (13.94) gives 

<W> = 0.38767fl 0 = 2.05144 X lO'" m . (13.270) 

As shown in Eq. (13.247), in addition to the -orbital charge-density modulation, the 
uniform charge-density in the p x orbital is increased by a factor of 0.25 and the if -atom 
density is decreased by a factor of 0.25. The internuclear axis of the N-H bond is 

15 perpendicular to the bonding p x orbital. Using the orbital composition of NH (Eq. (13.27)), 

the radii of Mj = 0.14605o 0 (Eq. (10.51)), N2s = 0.69385a 0 (Eq. (10.62)), and 
N2p = 0.93084a 0 (Eq. (10.142)) shells, and the parameters of the NH MO given by Eqs. 
(13.3-13.4) and (13.255-13.270), the dimensional diagram and charge-density of the NH 
MO comprising the linear combination of the if 2 -type ellipsoidal MO and the N AO 
20 according to Eq. ( 1 3 .247) are shown in Figures 1 0 and 1 1 , respectively. 



ENERGIES OF NH 

The energies of NH given by the substitution of the semiprincipal axes (Eqs. (13.255- 
13.256) and (13.259)) into the energy equations (Eqs. (13.67-13.73)) are 

„ ( 3^| -2e 2 , a+yja 2 -b 2 

V ' = \1Z 7^=7^ / , , = -37.85748 eV (13.271) 

V 4; fcrev, 4a 2 -h 2 a-4a 2 -h 2 



25 



e 2 



8ar£ 0 V« -b 

T = il) y_ln a + f!Z^ = 13.89011 g F (13.273) 

\*)2m t aja 2 -b 2 a-4a 2 -b 2 
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V = 

r m 



= = -6.94505^ (13.274) 




U ) 4m e aJa 2 -b 2 a - 4a T ^b 1 



E T {NH) = --^— t (1-2— V— -ll-14.53414 e F=-31.63544^ 
(13.275) 

where £ r (JVff) is given by Eq. (13.253) which is reiteratively matched to Eq. (13.75) within 
5 five-significant-figure round-off error. 



VIBRATION AND ROTATION OF NH 

The vibrational energy of NH may be solved in the same manner as that of OH . From Eqs. 
(13.102-13.106) with the substitution of the NH parameters, the angular frequency of the 
10 oscillation is 



0.75e 2 e 



2 



i 



0.75e 2 - 2 



e 



Sns 0 (0.941 59a 0 ) fag, (l .97027o 0 ) 3 

14 (13.276) 



15 ' 



M» m = zrrt - \ \ A m p (13.277) 



= 6.18700X 10 14 rarf/s 
where A is given by Eq. (13.259), 2c' is given by Eq. (13.257), and the reduced mass of 
U NH is given by: 

W (1)(14) 
m 1 +/« 2 1+14 

1 5 where m p is the proton mass. Thus, during bond formation, the perturbation of the orbit 
determined by an inverse-squared force results in simple harmonic oscillatory motion of the 
orbit, and the corresponding frequency, co(0), for U NH given by Eqs. (11.136), (11.148), 
and (13.276) is 

/n\ 1*00 1597.59 Nm- 1 r , onnn , 

(°) = = J ~ = 6 - 1 8700 x 10 rofiow / s (13.278) 

20 where the reduced nuclear mass of U NH is given by Eq.(l 3.277) and the spring constant, 
k(0), given by Eqs. (11.136) and (13.276) is 
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k (0) = 597.59 Nm' 1 (13.279) 

The iA NH transition-state vibrational energy, E vlb (0), given by Planck's equation (Eq. 
(11.127)) is: 

E vlb (0) = na> = h6.W00X 10 14 radls = 0.407239 eV = 3284.58 crn 1 (13.280) 
5 o> e , from the experimental curve fit of the vibrational energies of U NH is [28] 

o, =3282.3 cm" 1 (13.281) 
Using Eqs. (13.112-13.118) with E vlb (0) given by Eq. (13.280) and D 0 given by Eq. 
(1 3.3 1 1 ), the 14 NH v = 1 u = 0 vibrational energy, (l) is 

£^ (1) = 0,38581 eV (3111.84 cm-') (13.282) 

10 The experimental vibrational energy of U NH using to e and a e x e [28] according to K&P [15] 
is 

£ wi (l) = 0.38752 eV (3125.5 cot" 1 ) (13.283) 

Using Eq. (13. 1 13) with E vlb (l) given by Eq. (13.282) and D 0 given by Eq. (13.3 1 1), 
the anharmonic perturbation term, a> o x 0 , of U NH is 
15 g> 0 jc 0 = 86.37 crn 1 (13.284) 

The experimental anharmonic perturbation term, co^ , of NH [28] is 

oDqXq = 78.4 ctri~ l (13.285) 

The vibrational energies of successive states are given by Eqs. (13.280), (13.112), and 
(13.284). 

20 Using b given by Eq. (13.259), 2c' given by Eq. (13.257), D 0 given by Eq. (13.314), and 

the reduced nuclear mass of 14 ND given by 

_ (2)(14) 
m,+/n 2 2+14 " p 

where m p is the proton mass, the corresponding parameters for deuterium nitride l *ND (Eqs. 
(13.102-13.121)) are 



= = h^TT-m, (13-286) 



25 a W = ^^ = f 91 ' 59 M Nm ' = 4 - 51835 * 10 H radians /s (13.287) 

k (0) = 579.59 Mw -1 (13.288) 
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E ylb (0) = %(o = M51835 X 10" radls = 0.29741 eV = 2398.72 cm" 1 (13.289) 

£ WA (l) = 0.28710 (2305.35 cot" 1 ) (13.290) 

*> 0 x 0 = 47.40 cm" 1 (13.291) 
a>, , from the experimental curve fit of the vibrational energies of 14 ND is [28] 

5 ©.=2398 cm" 1 (13.292) 

The experimental vibrational energy of 14 ND using a> e and 6> e x ff [28] according to K&P [15] 
is 

E vib (1) = 0.2869 eV (2314 crn x ) (13.293) 
and the experimental anharmonic perturbation term, co 0 x 0 , of 14 ND . [28] is 
10 fi) 0 x 0 = 42 cm"' (13.294) 

which match the predictions given by Eqs. (13.289), (13.290) and (13.291), respectively. 

Using Eqs. (13.133-13.134) and the internuclear distance, r = 2c\ and reduced mass 
of U NH given by Eqs. (13.257) and (13.277), respectively, the corresponding B e is 

B e =16.495 cm' 1 (13.295) 
15 The experimental B e rotational parameter of U NH is [28] 

£,=16.6993 aw' 1 (13.296) 

Using the internuclear distance, r = 2c\ and reduced mass of 14 ND given by Eqs. (13.257) 
and (13.286), respectively, the corresponding B is 



e 

.-I 



£ fi = 8.797 c*r (13.297) 
20 The experimental B e rotational parameter of 14 ND is [28] 

/*, =8.7913 air 1 (13.298) 



THE DOPPLER ENERGY TERMS OF U NH AND 14 ND 

The equations of the radiation reaction force of hydrogen and deuterium nitride are the same 
25 as those of the corresponding hydroxyl radicals with the substitution of the hydrogen and 
deuterium nitride parameters. Using Eqs. (11.136) and (13.140-13.141), the angular 
frequency of the reentrant oscillation in the transition state is 
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0.75e 2 



A-7TG b 

(0 = ]l =3.91850X10 16 ra<f/ 1 y (13.299) 



where b is given by Eq. (13.259). The kinetic energy, E K , is given by Planck's equation 
(Eq. (11.127)): 

E K =ha> = hl.9WSbX 10 16 radls = 25.79224 eV (13.300) 
5 In Eq. (11.181), substitution of the total energy of NH, E T (NH), (Eq. (13.253)) for E*, 

the mass of the electron, m,, for M , and the kinetic energy given by Eq. (13.300) for E K 
gives the Doppler energy of the electrons for the reentrant orbit: 



m e c 



In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
10 transition state at their corresponding frequency. The decrease in the energy of NH due to 
the reentrant orbit in the transition state corresponding to simple harmonic oscillation of the 
electrons and nuclei, E osc , is given by the sum of the corresponding energies, E D given by 

Eq. (13.301) and E Kvib , the average kinetic energy of vibration which is 1/2 of the vibrational 

energy of NH . Using the experimental 14 NH a> e of 3282.3 crn\ (0.40696 eV) [28] 

» 

15 E m ( u NH) is 

E^{ u NH) = E D+ E KvA =E D +±h^- (13.302) 

E ose ( u NH) = -0-31785 + ^ (0.40696 eF) = -0.11437 eV (13.303) 

Using Eqs. (13.301) and the experimental 14 ND a e of 2398 cm" 1 (0.29732 eV) [28] 
E^ND) is 

20 E 0SC ( U ND) = -0.317*5 eV+Uo.29732eV) = -0.\69l9eV (13.304) 



TOTAL AND BOND ENERGIES OF 14 NH AND U ND 

E T4cc (NH) » me totaI energy of the 14 NH radical including the Doppler term, is given by the 
sum of E T (NH) (Eq. (13.253)) and E^NH) given by Eq. (13.303): 
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Er+o* {NH) = V e +T + V m +V p + E(2p shell) +E osc ( u NH) 

= {NH)+ Eon ( "NH} 



(13.305) 



-e' 



8te£ 0 c 1 



3 3 a, 



\ 



2 8a 



In 



a + c' 
a-c' 



-1 



-14.53414 eV\ 



= -31.63537 eV-0.3m5eV+ 



2 i M 



3 e- 



2fr 



1 + t — I — 



4 4«s3 3 



2 i M 



(13.306) 



From Eqs. (13.302-13.303) and (13.305-13.306), the total energy of M NH is 



E T+OK (NH) = -31.63537 eV + E OJC ( u NH) 



1 



= -31.63537 eF-0.31785eF+|(0.40696eF) 
= -3 1.74974 eV 



k 



(13.307) 



where the experimental o> e was used for the h J— term. E T + mc (ND), the total energy of 

14 M) including the Doppler term, is given by the sum of E T (ND) = E T (NH) (Eq. (13.253)) 
and E m ( M ND) given by Eq. (13.304): 

E T+osc (ND) = -3 1 .63537 eV + ( M MJ) 



* 

= -31.63537 eF- 0.31 785 eF + ^(0.29732 eV) 
= -3 1.80456 



(13.308) 



10 where the experimental a> e was used for the hi— term. The dissociation of the bond of the 

hydrogen nitride forms a free hydrogen atom with one unpaired electron and a nitrogen atom 
with three unpaired electrons as shown in Eq. (1 3 .246). The p x and p fields cancel and the 

magnetic energy (Eq. (7.46) with r 7 =0.93084a 0 is subtracted due to the one component of 



E given by Eq. (10.137): 



15 



E(magneiic) = ^Mo e 



m e 2 (0.93084a 0 ) 3 (0.93084a 0 )" 



= 0.14185 eV 



(13.309) 
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The corresponding bond dissociation energy, E D , is given by the sum of the total energies of 
the nitrogen atom and the corresponding hydrogen atom minus the sum of Ej^ (NH) and 
E(magnetic) : 

E D = ECN)+E(H)-E T ^ (NH)-E (magnetic) (13.310) 

5 E( U N) is given by Eq. (13.251), E D {H) is given by Eq. (13.154), and E D [D) is given by 

Eq. (13.155). The U NH bond dissociation energy, E D ( i4 NH), is given by Eqs. (13.154), 

(13.251), (13.307), and (13.309-13.310): 

E D ("NH) = -(14.53414 eK+13.59844 eV) ~(E (magnetic) +E r+iac (NH)) 

= -28.13258 eF-(0.14185 - 31.74974e7) (13.311) 
' =3.47530 eV ' 

The experimental H NH bond dissociation energy from Ref. [29] and Ref. [30] is 

10 E D ("NH) = 3A2eV (13.312) 

E D ( U NH) £ 3.47 e V (1 3 .3 1 3) 

The H ND bond dissociation energy, E d ( h ND) s is given by Eqs. (13.155), (13.251), 

(13.308), and (13.309-13.310): 

E D ( U ND) = -(14.53414 eF + 13.603 eV)-(E(magnetic) + E T ^ sc (ND)) 

= -28.13714 eF-(0.14185 -31.80456eF) (13.314) 
= 3.5256 eV . 

15 The experimental H ND bond dissociation energy from Ref. [31] and Ref. [30] is 

E ***{ lAND )- 339 Mlmol * 3.513 eV (13.315) 

E D ( lA ND)<L3.54eV (13.316) 

The results of the determination of bond parameters of NH and ND are given in 
Table 13.1. The calculated results are based on first principles and given in closed-form, 
20 exact equations containing fundamental constants only. The agreement between the 
experimental and calculated results is excellent. 

DIHYDROGEN NITRIDE (NH 2 ) 

The dihydrogen nitride radical NH 2 is formed by the reaction of a hydrogen atom with a 
25 hydrogen nitride radical: 
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NH+H ->NH 2 (13.317) 

NH 2 can be solved using the same principles as those used to solve H 2 0 . Two diatomic 

molecular orbitals (MOs) developed in the Nature of the Chemical Bond of Hydrogen-Type 
Molecules and Molecular Ions section serve as basis functions in a linear combination with 
5 two nitrogen atomic orbitals (AOs) to form the MO of NH 2 . The solution is very similar to 

that of NH except that there are two NH bonds in NH 2 . 



FORCE BALANCE OF NH 2 

NH 2 comprises two chemical bonds between nitrogen and hydrogen. Each N-H 

10 bond comprises two spin-paired electrons with one from an initially unpaired electron of the 
nitrogen atom and the other from the hydrogen atom. Each H -atom electron forms a H 2 - 

type ellipsoidal MO with one of the initially unpaired N -atom electrons, 2p x or 2p y , such 

that the proton and the N nucleus serve as the foci. The initial N electron configuration 
given in the Seven-Electron Atoms section is \s 2 2s 2 2p* , and the orbital arrangement is 
15 given by Eqs. (10.134) and (13.246). The radius and the energy of the N2p shell are 
unchanged with bond formation. The central paramagnetic force due to spin of each N-H 

4 

bond is provided by the spin-pairing force of the NH 2 MO that has the symmetry of an s 
orbital that superimposes with the N2p orbitals such that the corresponding angular 
momenta are unchanged. 
20 As in the case of H 2 , each of two N-H -bond MOs is a prolate spheroid with the 

exception that the ellipsoidal MO surface cannot extend into N atom for distances shorter 
than the radius of the 2p shell since it is energetically unfavorable. Thus, the MO surface 

comprises a prolate spheroid at each H proton that is continuous with the 2 p shell at the N 

atom. The energies in the NH 2 MO involve only each N2p and each His electron with the 

25 formation of each N-H bond. The sum of the energies of the prolate spheroids is matched 
to that of the 2p shell. The forces are determined by these energies. As in the case of NH , 

the linear combination of each H 2 -type ellipsoidal MO with each N2 p AO must involve a 

25% contribution from the # 2 -type ellipsoidal MO to the N2p AO in order to match 

potential, kinetic, and orbital energy relationships. Thus, the NH 2 MO must comprise two 
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N-H bonds with each comprising 75% of a # 2 -type ellipsoidal MO (1/2 +25%) and a 
nitrogen AO: 

[1 N2p x AO+0.75 H 2 MO]+[l N2p y ,40+0.75 H 2 MO] -> NH 2 MO (13.318) 



The force constant k' of the each H 2 -type-ellipsoidal-MO component of the NH 2 

MO is given by Eq. (13.248). The distance from the origin of each N — H -bond MO to each 
focus c 1 is given by Eq. (13.249). The internuclear distance is given by Eq. (13.250). The 
length of the semiminor axis of the prolate spheroidal N - H -bond MO b = c is given by Eq. 
10 (13.62). The eccentricity, e 9 is given by Eq. (13.63). The solution of the semimajor axis a 
then allows for the solution of the other axes of each prolate spheroid and eccentricity of each 
N - H -bond MO. Since each of the two prolate spheroidal N-H -bond MOs comprises a 
H 2 -type-ellipsoidal MO that transitions to the N AO, the energy E in Eq. (13.251) adds to 

that of the two corresponding H 2 -type ellipsoidal MOs to give the total energy of the NH 2 

15 MO. From the energy equation and the relationship between the axes, the dimensions of the 
NH 2 MO are solved. 

The energy components of V e , V p , T , V m , and E T are twice those of OH and NH 
given by Eqs. (13.67-13.73) and equal to those of H 2 0 given by Eqs, (13.172-13.178). 
Similarly to H 2 0 , since the each prolate spheroidal H 2 -type MO transitions to the N AO 

■ 

20 and the energy of the N2 p shell must remain constant and equal to the negative of the 

ionization energy given by Eq. (13.251), the total energy E T (NH 2 ) of the NH 2 MO is given 

by the sum of the energies of the orbitals corresponding to the composition of the linear 

combination of the N AO and the two H 2 -type ellipsoidal MOs that forms the NH 2 MO as 

given by Eq. (13.318): 

E T (NH 2 ) = E T +E(2p shell) 
25 =E T - E(ionization; N) (13.319) 



e 2 



(3 3 a 0 \ a+c' 



In- 1 



-14.53414 eV 



2 8 a ) a-c' 

The two hydrogen atoms and the nitrogen atom can achieve an energy minimum as a linear 
combination of two H 2 -type ellipsoidal MOs each having the proton and the nitrogen 
nucleus as the foci. Each N -H -bond MO comprises the same N2p shell of constant 



WO 2007/051078 



PCT/US2006/042692 



159 



energy given by Eq. (13.251). Thus, the energy of the NH 2 MO is also given by the sum of 



that of the two # 2 -type ellipsoidal MQs given by Eq. (11.212) minus the energy of the 
redundant nitrogen atom of the linear combination given by Eq. (13.251): 

V2-1 

= 2 (-31. 6353683 leV)- (-14.53414 eV) 



E T (2H 2 -N) = ~2 



e' 



2 



ln^±i-V2 



-E(2p shell) 



(13.320) 



= -48.73660 eV 



5 E T (NH 2 ) given by Eq. (13.319) is set equal to two times the energy of the # 2 -type 
ellipsoidal MO minus the energy of the #2 p shell given by Eq. (1 3.320): 



E T {NH 2 ) = 



(3 3 a 



4xe 0 c' \\2 % a j 



In 



o+c' 
a-c' 



-1 



-14.53414 eV = -48.73660 eV 



(13.321) 

From the energy relationship given by Eq. (13.321) and the relationship between the axes 
10 given by Eqs. (13.248-13.250) and (13.62-13.63), Ihe dimensions of the NH 2 MO can be 
solved. 



Substitution of Eq. (13.249) into Eq. (13.321) gives 



4^^/0.71215400,. 



'3_3_3 
K 2 8 a 



J 



to flf + 70-712154flq 0 
0-70.712154^0,, 



1 



= e34.20246 (13.322) 



The most convenient way to solve Eq. (13.322) is by the reiterative technique using a 
15 computer. The result to within the round-off error with five-significant figures is 

o = 1.36276o 0 =7.21 141 X \QT n m (13.323) 



Substitution of Eq. (13.323) into Eq. (13.249) gives 

e' = 0.98514o 0 =5.21312 X W" m 
The internuclear distance given by multiplying Eq. (13.324) by two is 
20 2c' = 1 .97027o 0 = 1 .04262 X 1 0 -10 m 

The experimental bond distance is [32] 

2c' = 1.024Jri0- lo m 
Substitution of Eqs. (13.323-13.324) into Eq. (13.62) gives 
b = c = 0.94160o 0 = 4.98276 X 10 -11 m 

25 Substitution of Eqs. (13.323-13.324) into Eq. (13.63) gives 
e = 0.72290 



(13.324) 



(13.325) 



(13.326) 



(13.327) 



(13.328) 
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The nucleus of the H atom and the nucleus of the N atom comprise the foci of the H 2 -type 

ellipsoidal MO. The parameters of the point of intersection of each /f 2 -type ellipsoidal MO 

and the N2p x AO or N2p y AO are given by Eqs. (13.84-13.95) and (13.261-13.270). 

Using Eqs. (13.323-13.325) and (13.327-13.328), the polar intersection angle 0' given by 
5 Eq. (13.261) with r n = r 7 = 0.93084a 0 is 

0' = 114.61° (13.329) 
Then, the angle 9 N2pAO the radial vector of the N2p x AO or N2p y AO makes with the 
internuclear axis is 

OmpAo =180 o -114.61° = 65.39° (13.330) 

* 

10 as shown in Figure 10. The angle 0 H ^ 0 between the internuclear axis and the point of 

intersection of each tf 2 -type ellipsoidal MO with the N radial vector given by Eqs. (13.264- 
13.265), (13.327), and (13.330) is 

0*^=64.00° (13.331) 

Then, the distance d HiUO along the internuclear axis from the origin of H 2 -type ellipsoidal 

15 MO to the point of intersection of the orbitals given by Eqs. (13.267), (13.323), and (13.331) 
is 

d H^o = 0.59748a 0 = 3.16175 X 10" n m (13.332) 
The dista ace d N 2pAo a l°ng the internuclear axis from the origin of the N atom to the point of 
intersection of the orbitals given by Eqs. (13.269), (13.324), and (13.332) is 
20 d m P Ao =0.387650o= 2.05 137 X 10" 11 m (13.333) 

As shown in Eq. (13.318), in addition to the p -orbital charge-density modulation, the 
uniform charge-density in the p x and p y orbitals is increased by a factor of 0.25 and the H 

. atoms are each decreased by a factor of 0.25. Using the orbital composition of NH 2 (Eq. 
(13.318)), the radii of Nls = 0.14605a 0 (Eq. (10.51)), #2* = 0.69385a 0 (Eq. (10.62)), and 
25 N2p = 0.93084a 0 (Eq. (10.142)) shells, and the parameters of the NH 2 MO given by Eqs. 
(13.3-13.4) and (13.323-13.333), the charge-density of the NH 2 MO comprising the linear 

combination of two N -H -bond MOs (NH -type ellipsoidal MOs given in the Energies of 
NH section) according to Eq. (13.318) is shown in Figure 12. Each N-#-bond MO 
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comprises a H 2 -type ellipsoidal MO and an N2p AO having the dimensional diagram 
shown in Figure 10. 



ENERGIES OF NK 



5 The energies of NH 2 given by the substitution of the semiprincipal axes ((Eqs. (13.323- 
13.325) and (13.327)) into the energy equations (Eqs. (13.172-13.176)) are 



-2e- 



. a+>la 2 -b 2 t. 
In , = -75.71422 eV 



ZneJa 2 -? a-Ja 2 -b 2 



(13.334) 



V = 2 



Sneja 2 -b 2 



= 27.62216 eV 



(13.335) 



T= - 



J 



ti 



a+jcf-b 2 
2mfi4a 2 -b 2 *" a - vV -b 2 



In 



= 27.77974 



(13.336) 



10 



3\ 



V=- 



m 



-ti 



J 



q+yV-6 2 
4m e ayja 2 -b 2 " a- <Ja 2 -b 2 



In 



= -13.88987 eV 



(13.337) 



E T [NH 2 ) = 



l.lAV^-i 

\2 8a) a-c' 



-14.53414 eV = -48.73633 eV 



(13.338) 

where E T (NH 2 ) is given by Eq. (13.319) which is reiteratively matched to Eq. (13.320) 
within five-significant-figure round-off error. 



15 



VIBRATION OF NH, 



The vibrational energy levels of NH 2 may be solved as two equivalent coupled harmonic 

oscillators by developing the Lagrangian, the differential equation of motion, and the 
eigenvalue solutions [2] wherein the spring constants are derived from the central forces as 
20 given in the Vibration of Hydrogen-Type Molecular Ions section and the Vibration of 
Hydrogen-Type Molecules section. 



THE DOPPLER ENERGY TERM OF NH 2 

The radiation reaction force in the case of the vibration of NH 2 in the transition state 
25 corresponds to the Doppler energy, E D , given by Eq. (11.181) and Eqs. (13.22) and (13.144) 
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that is dependent on the motion of the electrons and the nuclei. The kinetic energy of the 
transient vibration is derived from the corresponding central forces. The equations of the 
radiation reaction force of dihydrogen and dideuterium nitride are the same as those of the 
corresponding water molecules with the substitution of the dihydrogen and dideuterium 
5 nitride parameters. Using Eqs. (11.13.6) and (13.207-13.209), the angular frequency of the 
reentrant oscillation in the transition state is 



(D = 



i 



f 3> 


e 2 


u 




771 



(13.339) 



where b is given by Eq. (13.327). The kinetic energy, E K , is given by Planck's equation 
(Eq. (11.127)): • 
10 E K = ho) = h5. 54150 X 10' 6 radls = 36.47512 eV (13.340) 

In Eq. (11.181), substitution of E T (H 2 ) (Eqs. (11.212) and (13.75)), the maximum total 
energy of each H % -type MO, for E^ , the mass of the electron, m e , for M , and the kinetic 

energy given by Eq. (13.340) for E K gives the Doppler energy of the electrons for the 
reentrant orbit: 



15 E D s E^jfe = -31.63537 eV lH 36 ^ 5 J 2eV ) = -0,37798 e V (13.341) 

In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. The decrease in the energy of NH 2 due to 

the reentrant orbit in the transition state corresponding to simple harmonic oscillation of the 
electrons and nuclei, E osc 9 is given by the sum of the corresponding energies, E D given by 

20 Eq. (13.341) and E Kvfb , the average kinetic energy of vibration which is 1/2 of the vibrational 

energy of NH 2 . Using the experimental U NH 2 vibrational energy of 

E vib =3301.1 10 an 1 =0.40929 eV [33] gives 

E\ x =E D + E Kyib = E D (13.342) 

E\ x =-0.37798 +-(0.40929 eV) = -0.17334 eV (13.343) 

2 

25 per bond. As in the case for H 2 0, the reentrant orbit for the binding of a hydrogen atom to a 
NH radical causes the bonds to oscillate by increasing and decreasing in length along the 
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two N-H bonds at a relative phase angle of 180°. Since the vibration and reentrant 
oscillation is along two bonds for the asymmetrical stretch (v 3 ), for H NH 2 , 

E w ( u NH 2 ) 9 is: 



r 



E n +~h.l^- 



= 2 



1 



-0.37798 eK+|(0.40929 eV) 



(13.344) 



= -0.34668 eV 



Using Eq. (13.341), Eqs. (13.342-13.344), and the I4 JVZ> 2 vibrational energy of 
£ wi =2410.79 cm' 1 = 0.29890 eV , calculated from the experimental l4 NH 2 vibrational 
energy using Eq. (1 1 .148), the corresponding E^ ( U ND 2 ) is 



E m ( U ND 2 ) = 2^-0.37798 eV +^(0.29890 eV) 



(13.345) 



= -0.45707 eV 



10 TOTAL AND BOND ENERGIES OF U NH 2 AND U ND 2 



Et+ox { "NHA , the total energy of the U NH 2 including the Doppler term, is given by the sum 
of E T [NH 2 ) (Eq. (13.321)) and E m ( w NH 2 ) given Eqs. (13.339-13.344): 



E T+0SC { 14 NH 2 ) = V e +T + V m+ V p + E(N2p)+E (ae ( 14 NH 2 ) 

= E T [NH 2 )+ E m ( U NH 2 } 



E T ^[ U NH 2 ) 



y 4tT€ q C ' 



'2_lA , i|o£±£l-il-l4J3414«F 
2 8 a) a-c' J J 



3 e' 



2 ^ f 2 4^ 



-2 (31.63536831 eV)\ — J ^ -hj— 



= -48.73660 eV- 2 



' i fin 

0.37798 eV--hJ— 



15 From Eqs. (13.344) and (13.346-13.347), the total energy of l4 NH 2 is 



(13.346) 



(13.347) 
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Er.ce ( 14 ^ 2 ) = "48.73660 eV + E ox ( U NH 2 ) 



= -48.73660 eV -2^0.37798 -^(0.40929 eV) 



(13.348) 



= -49.08328 eV 



where the experimental U NH 2 vibrational energy was used for the term - 

£ r+M . [ W M) 2 ) , the total energy of U ND 2 including the Doppler term is given by the sum of 
E T {ND 2 ) = ^(M 2 ) (Eq. (13.321)) and E m ( U ND 2 ) given by Eq. (13.345): 
Br.*, ( U ND 2 ) = -48.73660 eV + E m ("ND 2 ) 

:- -48.73660 eF-2fo.37798er-|(0.29890eK)J (13.349) 
= -49.19366 

• * 

where the experimental l4 7/// 2 vibrational energy corrected for the reduced mass difference 




of hydrogen and deuterium was used for the h I— term. The corresponding bond 



dissociation energy, E D , is given by the sum of the total energies of the corresponding 
hydrogen nitride radical and hydrogen atom minus the total energy of dihydrogen nitride, 
10 E T+osc {"NH 2 ). 

Thus, E D of l4 NH 2 is given by: 

E D { H NH 2 ) = E(H) + E( U NH)-E T ^ C { U NH 2 ) (13.350) 

where E T C*NH) is given by the of the sum of the experimental energies of U N (Eq. 

(13.251)), H (Eq. (13.154)), and the negative of the bond energy of U NH (Eq. (13.312)): 
15 £( M Atf7) = -13.59844eF-14.53414eF-3.42er = -31.5S258er (13.351) 

From Eqs. (13.154), (13.348), and (13.350-13.351),^ ( 14 M7 2 ) is 

E D [ U NH 2 ) = E(H) + E( U NH) - £ r+0K ( 1 <NH 2 ) 

= -13.59844 eF-31.55258 eK-(-49.08328 eV) (13.352) 
= 3.9323 eV 

The experimental U NH 2 bond dissociation energy from Ref. [34] and Ref. [35] is 

E D ( U NH 2 ) = &S±4 keal/moIe = 3.8160 eV (13.353) 
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E D ( U NH 2 ) = 91.0±0.5 kcallmole = 3.9461 eV (13.354) 
Similarly, E D of H ND 2 is given by: 

E D { u ND 2 ) = E(D) + Ee 4 ND)-(E r ^(»ND 2 )) (13.355) 
where E T ( l4 ND) is given by the of the sum of the experimental energies of U N (Eq. 

5 (13.251)), D (Eq. (13.155)), and the negative of the bond energy of U ND (Eq. (13.315)): 

E( U ND) = -13.603 eF-14.53414 eF-3.513 eV = -31.6506 eV (13.356) 

From Eqs. (13.155), (13.349), and (13.355-13.356), E D { U ND 2 ) is 

E D ( H ND 2 ) = -13.603 eK-31.6506eF-(-49.19366eK) fl3 3571 

= 3.9401 eF 

The 14 M) 2 bond dissociation energy calculated from the average of the experimental bond 

■ 

10 energies [34-35] and vibrational energy of l4 NH 2 [33] is 

E^ND^E^NH^+^E^m^-E^ 

= -(3.8160 eF+3.9461 eF)+-(0.40929 eF-0.29890 eP) (13.358) 
2 2 

= 3.9362 



BOND ANGLE OF NH 2 

The JW/j MO comprises a linear combination of two. N-H -bond MOs. Each N-H -bond 
15 MO comprises the superposition of a i/ 2 -type ellipsoidal MO and the N2p x AO or the 

* 

N2p y AO with a relative charge density of 0.75 to 1.25; otherwise, the N2p AOs are the 

same as those of the nitrogen atom. A bond is also possible between the two H atoms of the 
N-H bonds. Such H-H bonding would decrease the N-H bond strength since 
electron density would be shifted from the N - H bonds to the H - H bond. Thus, the bond 
20 angle between the two N-H bonds is determined by the condition that the total energy of 
the H 2 -type ellipsoidal MO between the terminal H atoms of the N - H bonds is zero. 

From Eqs. (11.79) and (13.228), the distance from the origin to each focus of the H-H 
ellipsoidal MO is 



c =a 



m^2a 



(13.359) 
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The internuclear distance from Eq. (13.229) is 



2c 1 



(13.360) 



The length of the semiminor axis of the prolate spheroidal H-H MO b = c is given by Eq. 
(13.167). 

5 Since the two H 2 -type ellipsoidal MOs comprise 75% of the H electron density of 

H 2 and the energy of each H 2 -type ellipsoidal MO is matched to that of the N2p AO; the 
component energies and the total energy E T of the H-H bond are given by Eqs. (13.67- 
13.73) except that V t , T, and V m are corrected for the energy matching factor of 0.93613 
given in Eq. (13.248). Substitution of Eq. (13.359) into Eq. (13.233) with the energy- 

10 matching factor gives 



0 = 



- e 



V 2 



(0.93613) 
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a+ 



In 
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2hi 


0.75e 2 






m e c 2 
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0J5e 2 


e 1 


%ne Q c? 







(13.361) 

From the energy relationship given by Eq. (13.361) and the relationship between the axes 
given by Eqs; (13.359-13.360) and (13.167-13.168), the dimensions of the H-H MO can 
15 be solved. 

The most convenient way to solve Eq. (13.361) is by the reiterative technique using a 
computer. The result to within the round-off error with five-significant figures is 

a = 4.9500a„ = 2.6194X 10" 10 m (13.362) 



Substitution of Eq. (13.362) into Eq. (13.359) gives 
20 c' = 1.5732a 0 =8.3251 X 10" n m 

The internuclear distance given by multiplying Eq. (13.363) by two is 

2c' = 3.1464a 0 = 1.6650 X 10"' 0 m 
Substitution of Eqs. (13.362-13.363) into Eq. (13.167) gives 

b = c = 4.6933a„ = 2.4836 X lO" 10 m 



(13.363) 



(13.364) 



(13.365) 



25 Substitution of Eqs. (13.362-13.363) into Eq. (13.168) gives 
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* = 0.3178 (13.366) 
Using, 2c' H „ H (Eq. (13.364)), the distance between the two H atoms when the total 
energy of the corresponding MO is zero (Eq. (13.361)), and 2c' N _ H (Eq. (13.325)), the 

internuclear distance of each N - H bond, the corresponding bond angle can be determined 
5 from the law of cosines. Using, Eq. (13.242), the bond angle 9 between the N-H bonds is 

0 = cos" 1 

(13.367) 



v 



2(1.9703) -(3.1464 ) 
2(1.9703) 

= cos- ! (-0.2751) = 105.969° 

The experimental angle between the N-H bonds is [32] 

0 = 103.3° (13.368) 
The results of the determination of bond parameters of NH 2 and ND 2 are given in 

10 Table 13.1. The calculated results are based on first principles and given in closed-form, 
exact equations containing fundamental constants only. The agreement between the 
experimental and calculated results is excellent. 

AMMONIA (NH,) 

15 Ammonia (NH 3 ) is formed by the reaction of a hydrogen atom with a dihydrogen nitride 
radical: 

NH 2 + H^>NHs (13.369) 
NH 3 can be solved using the same principles as those used to solve NH Z except that three 
rather than two H 2 -type prolate spheroidal molecular orbitals (MOs) serve as basis functions 
20 in a linear combination with nitrogen atomic orbitals (AOs) to form the MO of NH, . 



FORCE BALANCE OF NH 3 

NH 3 comprises three chemical bonds between nitrogen and hydrogen. Each N-H 
bond comprises two spin-paired electrons with one from an initially impaired electron of the 
25 nitrogen atom and the other from the hydrogen atom. Each H -atom electron forms a H 2 - 

type ellipsoidal MO with one of the initially impaired N -atom electrons, 2p x , 2p y9 or 2p z> 
such that the proton and the N nucleus serve as the foci. The initial N electron 
configuration given in the Seven-Electron Atoms section is \s 2 2s 2 2p* , and the orbital 
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arrangement is given by Eqs. (10.134) and (13.246), The radius and the energy of the N2p 
shell are unchanged with bond formation. The central paramagnetic force due to spin of each 
N-H bond is provided by the spin-paring force of the NH 3 MO that has the symmetry of 
an s orbital that superimposes with the N2 p orbitals such that the corresponding angular 
5 momenta are unchanged. 

As in the case of H 2 , each of three N -H -bond MOs is a prolate spheroid with the 

exception that the ellipsoidal MO surface cannot extend into the N atom for distances 
shorter than the radius of the 2p shell since it is energetically unfavorable. Thus, the MO 
surface comprises a prolate spheroid at each H proton that is continuous with the 2p shell at 
10 the N atom. The energies in the NH 2 MO involve only each N2p and each His electron 

with the formation of each N-H bond. The sum of the energies of the prolate spheroids is 
matched to that of the 2p shell. The forces are determined by these energies. As in the 

cases of NH and NH 2 , the linear combination of each H 2 -type ellipsoidal MO with each 

N2p AO must involve a 25% contribution from the # 2 -type ellipsoidal MO to the N2p 

1 5 AO in order to match potential, kinetic, and orbital energy relationships. Thus, the NH 3 MO 

must comprise three N-H bonds with each comprising 75% of a f? 2 -type ellipsoidal MO 
(1/2 +25%) and a nitrogen AO: 

[lN2p x AO+0J5 H 2 M?]+[l N2p y AO + 0J5 H 2 MO] + [l N2p 2 AO+0.75 H 2 MO] 

^NH^MO 

(13.370) 

20 The force constant k 1 of the each H 2 -type-ellipsoidal-MO component of the NH 3 

MO is given by Eq. (13.248). The distance from the origin of each N-H -bond MO to each 
focus c 1 is given by Eq. (13.249). The internuclear distance is given by Eq. (13.250). The 
length of the semiminor axis of the prolate spheroidal N-H -bond MO b = c is given by Eq. 
(13.62). The eccentricity, e, is given by Eq. (13.63). The solution of the semimajor axis a 
25 then allows for the solution of the other axes of each prolate spheroid and eccentricity of each 
N -H -bond MO. Since each of the three prolate spheroidal N-H -bond MOs comprises a 
H 2 -type-ellipsoidal MO that transitions to the N AO, the energy £ in Eq. (13.251) adds to 

that of the three corresponding H 2 -type ellipsoidal MOs to give the total energy of the NH 3 



WO 2007/051078 PCTYUS2006/042692 

169 

MO. From the energy equation and the relationship between the axes, the dimensions of the 
NH 3 MO are solved. 

The energy components of V e , V p9 T , V m , and E T are three times those of OH and 
NH given by Eqs. (13.67-13.73) and 1.5 times Ihose of H 2 0 given by Eqs. (13.172-13.178). 
5 Similarly to H 2 0, since the each prolate spheroidal # 2 -type MO transitions to the N AO 
and the energy of the N2 p shell must remain constant and equal to the negative of the 
ionization energy given by Eq. (13.251), the total energy E T (NH 3 ) of the NH 3 MO is given 

by the sum of the energies of the orbitals corresponding to the composition of the linear 
combination of the N AO and the three H 2 -type ellipsoidal MOs that forms the NH 3 MO as 

10 given by Eq. (13.370): 

E T [NH 2 ) = E T +E{2p shell) 

= E T -E(ionization\ N) (13.371) 
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-14.53414 eV 



The three hydrogen atoms and the nitrogen atom can achieve an energy minimum as a linear 
combination of three H 2 -type ellipsoidal MOs each having the proton and the nitrogen 
nucleus as the foci. Each N- if -bond MO comprises the same N2p shell of constant 
15 energy given by Eq. (13.251). Thus, an energy term of the NH 3 MO is given by the sum of 
the three H 2 -type ellipsoidal MOs given by Eq. (1 1.212) minus the energy of the redundant 

nitrogen atom of the linear combination given by Eq. (13.251). The total sum is determined 
by the energy matching condition of the binding atoms. 

In Eq. (13.248), the equipotential condition of the union of each i/ 2 -type-ellipsoidal- 

20 MO and the N AO was met when the force constant used to determine the ellipsoidal 
parameter c ! was normalized by the ratio of the ionization energy of N 14.53414 eV [6] 
and 13.605804 eV , the magnitude of the Coulombic energy between the electron and proton 
of H given by Eq. (1 .243). This normalized the force to match that of the Coulombic force 
alone to meet the force matching condition of the NH MO under the influence of the proton 

25 and the N nucleus. The minimum total energy of the NH 3 MO from the sum of energies of 

a linear combination from four atoms is determined using the energy matching condition of 
Eq. (13.248). Since each of the three prolate spheroidal N -H -bond MOs of NH 3 

comprises a H z -type-ellipsoidal MO that transitions to the N AO and the energy matching 



WO 2007/051078 



PCTAJS2006/042692 



170 

condition is met, the nitrogen energy E (Eq. (13.251)) and the energy (Eq. (1.243)) of a 
hydrogen atomic orbital (H AO), E Coulomb (H) 9 corresponding to the Coulombic force of +e 

from the nitrogen nucleus is subtracted from the sum of the energies of the three 
corresponding # 2 -type ellipsoidal MOs to given an energy minimum. From another 
5 perspective, the electron configuration of NH 2 is equivalent to that of OH and is given by 
Eq. (10.174). NH 2 serves as a one-electron atom that is energy matched by the H AO as a 
basis element to minimize the energy of NH 3 in the formation of the third N - H -bond. 



E T (3H 2 -N-H) = < 



-3 



8^0*0 



V2-1 



-E{N2p shell)- E Cguhmb {H) j 
= 3(-31.63536831eK)-(-14.53414eF-13.605804^) (13.372) 

= -66.76616 eV 

E T (NH 3 ) given by Eq. (13.371) is set equal to Eq. (13.372), three times the energy of the 
10 H 2 -type ellipsoidal MO minus the energy of the Nip shell and the H AO: 



E T {NH 3 ) = -3 



%fte Q c 



3 3 a, 



2 8a 



J 



In 



a + c' 
a-c' 



-1 



-14.53414 eV = -66.76616 eV 



(13.373) 

From the energy relationship given by Eq. (13.373) and the relationship between the axes 
given by Eqs. (13.248-13.250) and (13.62-13.63), the dimensions of the NH 3 MO can be 



15 solved. 



Substitution of Eq. (13.249) into Eq. (13.373) gives 
3e 2 



Sxs 0 ^0.7121 54aa 0 



2 8 a J a- N /0.712154flo 0 



= e52.23202 (13.374) 



70.712154aa 0 

The most convenient way to solve Eq. (13.374) is by the reiterative technique using a 
computer. The result to within the round-off error with five-significant figures is 
20 a = 1.34750^. = 7.1 3066 X 10' 11 m (13.375) 



o = 1.34750o 0 = 7.13066 X 10"' m 
Substitution of Eq. (13.375) into Eq. (13.249) gives 

c' = 0.97961a 0 = 5.18385 X 10 _n m 
The internuclear distance given by multiplying Eq. (13.376) by two is 

2c* = 1.95921a„ = 1.03677 X lO" 10 m 



(13.376) 



(13.377) 
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The experimental bond distance is [32] 

2c' = 1.012JSri0- ,o /« (13.378) 
Substitution of Eqs. (13.375-13.376) into Eq. (13.62) gives 

b = c = 0.92527tf 0 = 4.89633 X lO'" m (13.379) 

5 Substitution of Eqs. (13.375-13.376) into Eq. (13.63) gives 

e = 0.72698 (13.380) 
The nucleus of the H atom and the nucleus of the N atom comprise the foci of the H 2 -type 

ellipsoidal MO. The parameters of the point of intersection of each i/ 2 -type ellipsoidal MO 

and the N2p x , N2p y , or N2p x AO are given by Eqs. (13.84-13.95), (13.261-13.270), and 

10 (13.261-13.270). Using Eqs. (13.375-13.377) and (13.379-13.380), the polar intersection 
angle 0' given by Eq. (13.261) with r n - r 7 - 0.93084a 0 is 

0' = 115.89° (13.381) 
Then, the angle 9 mpAO the radial vector of the N2 p x , N2p y , or N2p z AO makes with the 

internuclear axis is 

15 0„ 2p , o =18O o -115.89° = 64.11° (13.382) 

as shown in Figure 10. The angle 0 HjMO between the internuclear axis and the point of 
intersection of each if 2 -type ellipsoidal MO with the N radial vector given by Eqs. (13.264- 

13.265), (13.379), and (13.382) is 

0*^=64.83° (13.383) 

20 Then, the distance d HiM0 along the internuclear axis from the origin of H 2 -type ellipsoidal 

MO to the point of intersection of the orbitals given by Eqs. (13.267), (13.375), and (13.383) 
is 

*H&o = 0 - 573 l4a o =3-03292 X 10" n m (13.384) 
The distance d N2pA0 along the internuclear axis from the origin of the N atom to the point of 
25 intersection of the orbitals given by Eqs. (13.269), (13.376), and (13.384) is 

dmpAo = 0.40647a 0 = 2.15093 X 10"" m (13.385) 
As shown in Eq. (13.370), in addition to the p -orbital charge-density modulation, the 
uniform charge-density in the p x , p y > and p z orbitals is increased by a factor of 0,25 and the 

H atoms are each decreased by a factor of 0.25. Using the orbital composition of NH 3 (Eq. 
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(13.370)), the radii of Ms = 0.14605^ (Eq. (10.51)), N2s = 0.69385a 0 (Eq. (10.62)), and 

J\T2/? = 0.93084a 0 (Eq. (10.142)) shells, and the parameters of the NH 3 MO given by Eqs. 

(13.3-13.4) and (13.375-13.385), the charge-density of the NH 3 MO comprising the linear 

combination of three if -bond MOs (NH -type ellipsoidal MOs given in the Energies of 
5 NH section) according to Eq. (13.370) is shown in Figure 13. Each N-H -bond MO 
comprises a i/ 2 -type ellipsoidal MO and an N2p AO having the dimensional diagram 

shown in Figure 10. 



ENERGIES OF NH 3 

10 The energies of NH, given by the substitution of the semiprincipal axes ((Eqs. (13.375- 
13.377) and (13.379)) into the energy equations (Eqs. (13.67-13:73)) multiplied by three. are 



V e =3 - 
1 1 4 



3} 2e 2 fra + Va 2 E = -1 15.28799 gF (13.386) 



&7teja 2 -b 2 a-4a 2 -b 2 



.2 



V=3 7 =41.66718 eV (13.387) 

%nsja 2 -b 2 



r=3 



1 4 J 2m,ayla 2 -b 2 a - 



h a + vVgV = 42,77848 (13.388) 



15 K ". =3 l4 



3>l ^ ^a+Vfl 2 6 2 = _ 21 . 3 8 924 e K (13.389) 



4m,ayja 2 -b 2 a-yja 2 -b 2 



E r [NH.) = -3-^— f----^-]ln^i^-l -14.53414 eK = -66.7657UF 

(13.390) 

where E T (NH 3 ) is given by Eq. (13.371) which is reiteratively matched to Eq. (13.372) 
within five-significant-figure round-off error. ' 

20 

VIBRATION OF NH S 

The vibrational energy levels of NH 3 may be solved as three equivalent coupled harmonic 

oscillators by developing the Lagrangian, the differential equation of motion, and the 
eigenvalue solutions [2] wherein the spring constants are derived from the central forces as 
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given in the Vibration of Hydrogen-Type Molecular Ions section and the Vibration of 
Hydrogen-Type Molecules section. 



THE DOPPLER ENERGY TERM OF NH 3 
5 The radiation reaction force in the case of the vibration of NH 3 in the transition state 
corresponds to the Doppler energy, E D , given by Eq. (11.181) and Eqs. (13.22) and (13.144) 

that is dependent on Hie motion of the electrons and the nuclei. The kinetic energy of the 
transient vibration is derived from the corresponding central forces. The equations of the 
radiation reaction force of ammonia are the same as those of the corresponding water and 
10 dihydrogen and dideuterium nitride radicals with the substitution of the ammonia parameters. 
Using Eqs. (1 1.136) and (13.207-13.209), the angular frequency of the reentrant oscillation in 
the transition state is 



co = 



i 



3\ e 2 



9 ] 4.JTP h 3 

J 0 = 5.68887 X 10 16 radls (13.391) 
m. 



where b is given by Eq. (13.379). The kinetic energy, E K , is given by Planck's equation 
15 (Eq. (11.127)): 

E K =ha> = fiS.6Z%%lX 10" radls = 37.44514 eV (13.392) 

■ 

In Eq. (11.181), substitution of E T (H 2 ) (Eqs. (11.212) and (13.75)), the maximum total 

* 

energy of each Zf 2 -type MO acting independently due to the D 3h symmetry point group, for 
jE^, the mass of the electron, m e9 for M , and the kinetic energy given by Eq. (13.392) for 
20 E K gives the Doppler energy of the electrons of each of the three bonds for the reentrant 

■ 

orbit: 



E D s E,„ =-31.6353683 eV 2g ( 37 ' 44514 eV ) B -038298 eV (13.393) 
VAfc ^| m € c 

In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. The decrease in the energy of NH 3 due to 

25 the reentrant orbit in the transition state corresponding to simple harmonic oscillation of the 
electrons and nuclei, E^ , is given by the sum of the corresponding energies, E D given by 

Eq. (13.393) and E Kvib , the average kinetic energy of vibration which is 1/2 of the vibrational 
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energy of NH 3 . Using the experimental U NH 3 vibrational energy of 



£ wi = 3443.59 cm' 1 = 0.426954 eV [36] gives 

E\„ = h + = 4 +£*Jjj (13.394) 

■ 

£' OJC = -0.38298 eV +-(0.426954 eV) = -0.16950 eV (13.395) 

5 per bond. The reentrant orbit for the binding of a hydrogen atom to a NH 2 radical involves 
three N - H bonds. Since the vibration and reentrant oscillation is along three bonds, E 



osc 



for X *NH 3 , ( 1A NH 3 ) , is: 



\ L HP J 



= 3f-0.38298 eF+^(0.426954 eV)j (13.396) 
= -0.50850 

Using Eq. (13.393), Eqs. (13.394-13.396), and the U ND 3 experimental vibrational 
10 energy of E vli = 2563.96 cm' 1 = 0.317893 eV [36], the corresponding ^("JW^j is 



E 0SC ( U ND 3 ) = 3\ -0.38298 eF+-(0.317893 eV) 



(13.397) 



= -0.67209 eV 



TOTAL AND BOND ENERGIES OF U NH 3 AND U ND 3 

Ej.^. ( U NH 3 \ the total energy of the U NH 3 including the Doppler term, is given by the sum 
15 of E r (NH 3 ) (Eq. (13.373)) and E 0SC ( U NH 3 ) givenEqs. (13.391-13.396): 

E T ^{ U NH 3 ) = V c +T + V m +V p + E{N2p) + E m {"NH 3 ) 

— , \ (13.398) 
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^ 8«-ff 0 c' [1,2 8 a , 



ln^-1 
a-c 1 



-14.53414 e7 



-3 (31.63536831 eV)\^ 



2h\ 


3 e 2 


2 ATteJ? 




m e c 2 



\ 



2 \fi) 



(13.399) 



= -66.76616 eV- 3 



' 1 HP 

0.38298 --ft 

2 



(13.400) 



From Eqs. (13.396) and (13.398-13.399), the total energy of U NH 2 is 

[ U NH 3 ] = -66.76616 eV +E mc ( u NH 3 ) 

( 1 > 

= -66.76616 eV-3 0.38298 eF--(0.426954 eV) 

\ 2 J 

= -67.27466 eF 



where the experimental I4 Mf 3 vibrational energy was used for the hi— term. 



5 £ r+an! ( W JVD 3 ] S the total energy of U ND 3 including the Doppler term is given by the sum of 
E T (ND 3 ) = E T (NH 3 ) (Eq. (13.373)) and ^("J^) given by Eq. (13.397): 




Et+o* [ U ND 3 ) = -66.76616 eV +E 0SC ( l4 ND 3 ) 



= -66.76616 eV -3 



=-67.43780 eV 



( 1 ^ 

0.38298 eV — (0.317893 eV) 



(13.401) 



where the experimental M ND 3 vibrational energy was used for the ftj— term. The 

corresponding bond dissociation energy, E D , is given by the sum of the total energies of the 
10 corresponding dihydrogen nitride radical and hydrogen atom minus the total energy of 
ammonia, E THUC ( H NH 3 ) . 

Thus, E D of l4 NH 3 is given by: 

E D { lA NH 3 ) = E(H) + E( U NH 2 )- E T+ose { H NH 3 ) (13.402) 
where E T ( U NH 2 ) is given by the of the sum of the experimental energies of U N (Eq. 

15 (13.251)), two H (Eq. (13.154)), and the negative of the bond energies of U NH (Eq. 
(13.312)) and lA NH 2 (Eq. (13.354)): 
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E( U NH 2 ) = 2(-13.59844 e7)-14.53414 eV-3A2 eV -3.946 eV = -49.09709 eV 

(13.403) 

From Eqs. (13.154), (13.400), and (13.402-13.403), E D [ U NH 2 ) is 

E^NH^EW+ECNHJ-E^NHt) 

= -13.59844 eF-49.09709 eF-(-67.27466 eV) (13.404) 
= 4.57913 eV 

5 The experimental U NH 3 bond dissociation energy [37] is 

E D ( U NH 3 ) = 4.60155 eV (13.405) 
Similarly, E D of X *ND 3 is given by: 

£ D ( 14 M) 3 ) = £(D) + £( 14 M) 2 )-(E 7 . +OJC ( 14 A©3)) (13.406) 

where E T ( U ND 2 ) is given by the of the sum of the experimental energies of U N (Eq. 
10 (13.251)), two times the energy of D (Eq. (13.155)), and the negative of the bond energies of 
l *ND (Eq. (13.315)) and W ND 2 (Eq. (13.358)): 

E(" ND 2 ) = 2(-\3. 603 eV) -14.53414 eV -3.5134 <?F-3.9362eF = -49.18981 eV 

* 

(13.407) 

■ 

From Eqs. (1 3 . 1 55), ( 1 3 .401), and (1 3 .406- 1 3.407), E D ( U ND 3 ) is 

15 E D C 4 ND 3 ) = -13.603 eK-49.18981 - (-67.43780 e7) = 4.64499 eV (13.408) 

The experimental l4 ND 3 bond dissociation energy [37] is 

E D C A ND 3 ) = 4.71252 eV (13.409) 



BOND ANGLE OF NH 3 
20 Using, 2c' H _ H (Eq. (13.364)), the distance between the two H atoms when the total 

energy of the corresponding MO is zero (Eq. (13.361)), and 2c * N _ ff , the internuclear distance 

of each N-H bond (Eq. (13.377)), the corresponding bond angle can be determined from 
the law of cosines. Using Eq. (13.367), the bond angle 9 between the N-H bonds is 

< 2(l.9592l) 2 -(3. 14643)' 



e = cos -1 

2(1.95921)' } 



= cos" 1 (-0.28956) = 106.67° (13.410) 



25 The experimental angle between the N-H bonds is [36] 
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* = 106.67* (13.411) 

The NH 3 molecule has a pyramidal structure with the nitrogen atom along the z-axis 
at the apex and the hydrogen atoms at the base in the xy-plane. Since any two N - H bonds 
form an isosceles triangle, the distance d orlgln _ H from the origin to the nucleus of a hydrogen 
5 atom is given by 

2c' 

Substitution of Eq. (13.364) into Eq. (13.412) gives 

=1.81659a 0 (13.413) 
The height along the z-axis of the pyramid from the origin to N nucleus is given by 

■ . 

10 = )/( 2c jwt ) 2 ~ (dcw-i, f (13.414) 

Substitution of Eqs. (13.377) and (13.413) into Eq. (13.414) gives 

■ 

d hew = 0.73383a 0 (13.415) 
The angle 0 9 of each N - H bond from the z-axis is given by 



0. = tan" 1 



( d *\ 

origin- H 
K "height J 



(13.416) 



15 Substitution of Eqs. (13.413) and (13.415) into Eq. (13.417) gives 

6 V =68.00° 03.417) 

■ * • 

The NH y MO shown in Figure 13 was rendered using these parameters. 

The results of the determination of bond parameters of NH 3 and ND 3 are given in 
Table 13.1. The calculated results are based on first principles and given in closed-form, 
20 exact equations containing fundamental constants only. The agreement between the 
experimental and calculated results is excellent 

HYDROGEN CARBIDE (CH ) 

The methane molecule can be solved by first considering the solution of the hydrogen 
25 carbide, dihydrogen carbide, and methyl radicals. The former is formed by the reaction of a 
hydrogen atom and a carbon atom: 

H+C-+CH (13.418) 
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The hydrogen carbide radicals, CH and CH 2 , methyl radical, CH 3 , and methane, CH A , can 
be solved using the same principles as those used to solve OH , H 2 0 , NH , NH 2 , and NH 3 

with the exception that the carbon 2s and 2p shells hybridize to form a single 2sp* shell as 
an energy minimum. 

5 

FORCE BALANCE OF CH 

CH comprises two spin-paired electrons in a chemical bond between the carbon atom and 
the hydrogen atom. The CH radical molecular orbital (MO) is determined by considering 
properties of the binding atoms and the boundary constraints. The prolate spheroidal H 2 MO 
10 developed in the Nature of the Chemical Bond of Hydrogen-Type Molecules section satisfies 

4* 

the boundary constraints; thus, the if -atom electron forms a i/ 2 -type ellipsoidal MO with 

one of the C -atom electrons. However, such a bond is not possible with the outer C 
electrons in their ground state since the resulting i/ 2 -type ellipsoidal MO would have a 
shorter internuclear distance than the radius of the carbon 2p shell, which is not 
15 energetically stable. Thus, when bonding the carbon 2s and 2p shells hybridize to form a 
single 2sp 3 shell as an energy minimum. 

The C electron configuration given in the Six-Electron Atoms section is \s 2 2s 2 2p 2 9 
and the orbital arrangement is 

2p state 

• » 

_t t_ (13.419) 

10-1 

20 corresponding to the ground state } P 0 . The radius r 6 of the 2p shell given by Eq. (10.122) is 

■ 

r 6 =1.20654a 0 (13.420) 
The energy of the carbon 2p shell is the negative of the ionization energy of the carbon atom 
given by Eq. (10.123). Experimentally, the energy is [12] 

E(C,2p shell) = -E(ionizatiori; C) = -11.2603 eV (13.421) 

25 The C2s atomic orbital (AO) combines with the C2p AOs to form a single 2sp 3 hybridized 
orbital (HO) with the orbital arrangement 
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2sp 3 state 
t t 



(13.422) 



0,0 1,-1 1,0 • 1,1 



where the quantum numbers (£,m t ) are below each electron. The total energy of the state is 
given by the sum over the four electrons. The sum E T (C, 2sp 3 ) of calculated energies of C , 

5 C\ C 2+ ,and C 3+ from Eqs. (10.123), (10.113-10.114), (10.68), and (10.48), respectively, is 
£ r (C,2sp 3 ) = 64.3921 eF + 48.3125 eF + 24.2762 cK + 11.27671 eF = 148.25751 eV 

(13.423) 

which agrees well with the sum of 148.02532 eV from the experimental [6] values. The 
orbital-angular-momentum interactions cancel such that the energy of the E T {c,2sp 3 } is 

10 purely Coulombic. By considering that the central field decreases by an integer for each 
successive electron of the shell, the radius r 2spi of the C2sp* shell may be calculated from 

the Coulombic energy using Eq. (10.102): 

y (Z-n)e 2 IP* 2 nQ1771 /ii W 

K « = > ~, r = ; - = 0.91771a n (13.424) 

2sp ?A 8^ 0 (el 48.25751 eV) %xe 0 (<?148.25751 eV) 0 
Using Eqs. (10.102) and (13.424), the Coulombic energy E Coulomb {C,2sp 3 ) of the outer 



1 5 electron of the C2sp 3 shell is 



2 2 

-e -e 



E CM (C,2sp>) = — = =-14.82575 eV (13.425) 

v ' 8^ 0 r v 8^ 0 0.91771a 0 

During hybridization, one of the spin-paired 2s electrons is promoted to C2sp 3 shell as an 
unpaired electron. The energy for the promotion is the magnetic energy given by Eq. 
(13.152) at the initial radius of the 2s electrons. From Eq. (10.62) with Z = 6, the radius r 3 
20 of C2s shell is 

r 3 =0.84317a 0 (13.426) 
Using Eqs. (13.152) and (13.426), the impairing energy is 

E(magnetic) = = , = 0. 1 9086 eV (13 .427) 

m](r$ (0.843 17a 0 ) 3 

Using Eqs. (13.425) and (13.427), the energy E{C 9 2sp 3 ) of the outer electron of the C2sp 3 
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shell is 



E(C,2sp 3 ) 



= -1 4.82575 eV + 0. 1 9086 eV 
= -14.63489 eV 




(13.428) 



The nitrogen atom's 2p -shell electron configuration given by Eq. (10.134) is the same as that 
of the C2sp 3 shell, and nitrogen's calculated energy of 14.61664 eV given by Eq. (10.143) is 



bonds to hydrogen can occur with carbon. 

The carbon C2sp 3 electron combines with the His electron to form a molecular 



axis and serve as the foci. Due to symmetry, the other C electrons are equivalent to point 
10 charges at the origin. (See Eqs. (19-38) of Appendix IV.) Thus, the energies in the CH MO 
involve only the C2sp 3 and His electrons. The forces are determined by these energies. 

As in the case of H 2 , the MO is a prolate spheroid with the exception that the 
ellipsoidal MO surface cannot extend into the C2sp 3 HO for distances shorter than the radius 
of the C2sp 3 shell. Thus, the MO surface comprises a prolate spheroid at the H proton that 
15 is continuous with the C2sp 3 shell at the C atom whose nucleus serves as the other focus. 
The energy of the # 2 -type ellipsoidal MO is matched to that of the C2sp 3 shell. As in the 
case with OH and NH , the linear combination of the #2 -type ellipsoidal MO with the 
C2sp 3 HO must involve a 25% contribution from the if 2 -type ellipsoidal MO to the C2sp 3 



HO in order to match potential, kinetic, and orbital energy relationships. Thus, the CH MO 
20 must comprise 75% of a H 2 -type ellipsoidal MO and a C2sp 3 HO: 



The force balance of the CH MO is determined by the boundary conditions that arise from 
25 the linear combination of orbitals according to Eq. (13.429) and the energy matching 
condition between the hydrogen and C2sp 3 HO components of the MO. 



5 a close match with E(c,2sp 3 ) . Thus, the binding should be very similar except that four 



orbital. The proton of the H atom and the nucleus of the C atom are along the internuclear 



1 C2sp 3 +0.75 H 2 MO -> CH MO 



(13.429) 
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As in the case with OH (Eq, (13.57)), the tf 2 -type ellipsoidal MO comprises 75% of 
the CH MO; so, the electron charge density in Eq. (1 1.65) is given by -0.75e . The force 
constant k' to determine the ellipsoidal parameter c f in terms of the central force of the foci 
is given by Eq. (13.59). The distance from the origin to each focus c' is given by Eq. 
5 (13.60). The internuclear distance is given by Eq. (13.61). The length of the semiminor axis 
of the prolate spheroidal C-H -bond MO b = c is given by Eq. (13.62). The eccentricity, e , 
is given by Eq. (13.63). The solution of the semimajor axis a then allows for the solution of 
the other axes of each prolate spheroid and eccentricity of the CH MO. Since the CH MO 
comprises a H 2 -type-ellipsoidal MO that transitions to the C2sp 3 HO, the energy 

10 E(C,2sp 3 ) in Eq. (13.428) adds to that of the # 2 -type ellipsoidal MO to give the total 

■ 

energy of the CH MO. From the energy equation and the relationship between the axes, the 
dimensions of the CH MO are solved. 

The energy components of V e , V p , T , and V m are those of H 2 (Eqs. (1 1 .207-1 1 .212)) 

♦ 

except that they are corrected for electron hybridization. Hybridization gives rise to the 
15 C2sp 3 HO-shell Coulombic energy E Coulomb (C>2sp 3 ) given by Eq. (13.425). To meet the 

equipotential condition of the union of the H 2 -type-ellipsoidal-MO and the C2sp 3 HO, the 
electron energies are normalized by the ratio of 14.82575 eV 9 the magnitude of 
E Coulomb (C>2sp 3 ) given by Eq. (13.425), and 13.605804 eV , the magnitude of the Coulombic 

energy between the electron and proton of H given by Eq. (1.243). This normalizes the 
20 energies to match that of the Coulombic energy alone to meet the energy matching condition 
of the CH MO under the influence of the proton and the C nucleus. The hybridization 
energy factor C Qlsp , H0 is 



e 1 e 2 



c , , toy, = gggggq m 13,605804 tV (13430) 

cWho e 2 e 2 14.82575 eV 

8^^ 8^ 0 0.91771a 0 

The total energy E T (CH) of the CH MO is given by the sum of the energies of the orbitals, 
25 the # 2 -type ellipsoidal MO and the C2^p 3 HO, that form the hybridized CH MO. 
E T (CH) follows from by Eq. (13.74) for OH , but the energy of the C2sp 3 HO given by Eq. 
(13.428) is substituted for the energy of O and the H 2 -type-ellipsoidal-MO energies are 



WO 2007/051078 



PCTAJS2006/042692 



182 



those of H 2 (Eqs. (11.207-11.212)) multiplied by the electron hybridization factor rather than 
by the factor of 0.75 : 



E T {CH) = E T +E(C,2sp 3 ) = 



(0.91771) 2- 



2 a 



ln^-1 
a-c' 



-14.63489 eV 



5 (13.431) 
To match the boundary condition that the total energy of the entire the H 2 -type ellipsoidal 

MO is given by Eqs. (1 1 .212) and (13.75), E T (CH) given by Eq. (13.43 1) is set equal to Eq. 
(13.75): 

E T [CH) = 



87E£ 0 C 



; H 0.91771) 



1 tu\ a+c' 



2-- 



2 a 



In 



-1 



a-c 



-14.63489 eV = -3 1.63536831 eV 



10 (13.432) 
From the energy relationship given by Eq. (13.432) and the relationship between the axes 
given by Eqs. (13.60-13.63), the dimensions of the CH MO can be solved. 
Substitution of Eq. (13.60) into Eq. (13.432) gives 



(0.91771) 



2- 



1 3l 

2 a j 



a + 



In 



2aa e 



i 



= el 7.00048 



(13.433) 



15 The most convenient way to solve Eq. (13.433) is by the reiterative technique using a 
computer. The result to. within the round-off error with five-significant figures is 

~ (13.434) 



a = 1.67465a 0 =8.86186* 10 _u m 



Substitution of Eq. (13.434) into Eq. (13.60) gives 
c' = 1.05661^ = 5.591 36 X 10" 11 m 
20 The internuclear distance given by multiplying Eq. (13.435) by two is 
2c' = 2.11323a 0 =1. 11827 XIO" 10 m 

i 

The experimental bond distance is [14] 
2c' = 1.1198JT 10 -10 m 



(13.435) 



(13.436) 



(13.437) 



Substitution of Eqs. (13.434-13.435) into Eq. (13.62) gives 



25 



b = c = 1 .29924a 0 = 6.87527 X 10 



-ii 



m 



(13.438) 



Substitution of Eqs. (13.434-13.435) into Eq. (13.63) gives 
e = 0.63095 



(13.439) 
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The nucleus of the H atom and the nucleus of the C atom comprise the foci of the H 2 -type 
ellipsoidal MO. The parameters of the point of intersection of the H 2 -type ellipsoidal MO 
and the C2sp 3 HO are given by Eqs. (13.84-13.95) and (13.261-13.270). The polar 
intersection angle 9 X is given by Eq. (13.261) where r n = = 0.91771a 0 is the radius of the 

5 C2sp 3 shell. Substitution of Eqs. (13.434-13.435) into Eq. (13.261) gives 

0' = 81.03° (13.440) 
Then, the angle 0 C2sp > HO the radial vector of the C2sp 3 HO makes with the internuclear axis 

is 

0 C2sp)m =180° -8 1.03° = 98.97° (13.441) 
10 as shown in Figure 14. 

The distance from the point of intersection of the orbitals to the internuclear axis must 
be the same for both component orbitals. Thus, the angle cot = 9 HiMO between the 

internuclear axis and the point of intersection of the H 2 -type ellipsoidal MO with the C2sp 3 
15 radial vector obeys the following relationship: 

V sm£ W*> =°- 91771fl oSin0 C2V „ o =bsme HiMO (13.442) 
such that 

O.91771a n sin0^ 3rrrt 0Q1771« sinQR97° 

0„ iMO = sin- 1 c -^- = sin" 1 u ^ 1// Hsi"^.V/ (13.443) 

with the use of Eq. (13.441). Substitution of Eq. (13.438) into Eq. (13.443) gives 
20 e H ^ = 44.24° (13.444) 

Then, the distance d H „ 0 along the internuclear axis from the origin of H 2 -type ellipsoidal 
MO to the point of intersection of the orbitals is given by 

d H 2 uo= acose H lMO (13.445) 
Substitution of Eqs. (13.434) and (13.444) into Eq. (13.445) gives 
25 d H&o =1.19968a 0 = 6.34845 X 10 -11 m (13.446) 

The distance d clSf?HO along the internuclear axis from the origin of the C atom to the point 

of intersection of the orbitals is given by 

d ^Ho= d H^o-C (13.447) 
Substitution of Eqs. (13.435) and (13.446) into Eq. (13.447) gives 
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rf CJjp5ff0 = 0.14307a 0 = 7.57090* 10' 12 m (13.448) 

As shown in Eq. (13.429), the uniform charge-density in the C2sp 3 HO is increased by a 
factor of 0.25 and the H -atom density is decreased by a factor of 0.25. Using the orbital 
composition of CH (Eq. (13.429)), the radii of Cls = 0.171 13a 0 (Eq. (10.51)) and 

5 C2sp 3 = 0.91771a 0 (Eq. (10.424)) shells, and the parameters of the CH MO given by Eqs. 

(13.3-13.4), (13.434-13.436), and (13.438-13.448), the dimensional diagram and charge- 
density of the CH MO comprising the linear combination of the # 2 -type ellipsoidal MO 

and the C2sp* HO according to Eq. (13.429) are shown in Figures 14 and 15, respectively. 



10 

ENERGIES OF CH 

The energies of CH are given by the substitution of the semiprincipal axes (Eqs. (13.434- 
13.435) and (13.438)) into the energy equations, (Eq. (13.431) and Eqs. (11.207-11.211) that 
are corrected for electron hybridization using Eq. (13.430): 

-2e 2 , a+y/a 2 -b 2 



15 



F =(0.91771) == ln^£ — ==- = -35.12015 eV (13.449) 

V„ = . =12.87680 eV (13.450) 

%7teja 2 -b 2 

T = (0.91771) y In a + ^^_Z^_ =10,48582 eV (13.451) 

2m t a4a 2 -b 2 a-4a 2 -b 2 



K„ =(0.91771) In* , ~* =-5.24291 (13.452) 

Am e asa 2 -b 2 a-sa 2 -b 2 



E T [CH) = 



e 2 



&7C8 0 C' 



( 0.91771) (2---** 



ln^-1 
a-c' 



-14.63489 = -31.63533 



20 (13.453) 
where (Ctf) is given by Eq. (13.431) which is reiteratively matched to Eq. (13.75) within 

five-significant-figure round-off error. 
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VIBRATION AND ROTATION OF CH 

The vibrational energy of CH may be solved in the same manner as that of OH and NH 
except that the force between the electrons and the foci given by Eq. (13.102) is doubled due 
to electron hybridization of the two shells of carbon after Eq. (11.141). From Eqs. (13.102- 
5 13.106) with the substitution of the CH parameters, the angular frequency of the oscillation 
is 



(0 = 



i 



0.75e 2 


e 2 




8OT 0 (2ef 



0.75e 2 e 



2 



4^ 0 (1.29924a 0 f , 8^(2.1 1323a 0 ) M) 



12 
— w?„ 
13 " 



= 5.39828 X10 14 radls 
where b is given by Eq. (13.438), 2c' is given by Eq. (13.436), and the reduced mass of 

n CH is given by: 

10 „ . » = fiHg) m (13.455) 

10 ^ m l+ n h 1+12 ' 

where i» p is the proton mass. Thus, during bond formation, the perturbation of the orbit 
determined by. an inverse-squared force results in simple harmonic oscillatory motion of the 
orbit, and the corresponding frequency, <a(0), for 12 CH given by Eqs. (11.136), (11.148), 

■ 

and (13.454) is 



15 @(0) = ^ = ^ 449 - 9 ^- 1 =5.39828* 10" radiansls (13.456) 

where the reduced nuclear mass of n CH is given by Eq.(13.455) and the spring constant, 
fc(0), given by Eqs. (11.136) and (13.454) is 

k(0) = 449.94 Nrn* (13.457) 

The n CH transition-state vibrational energy, E vlb (0), given by Planck's equation (Eq. 

20 (11.127)) is: 

E vlt (0) = Ha> = h539mXltf* rad/s = 0.35532 eF = 2865.86 cot" 1 (13.458) 
^ , from the experimental curve fit of the vibrational energies of CH is [14] 
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a>,= 2861.6 ctn 1 (13A59) 

Using Eqs. (13.112-13.118) with E ylb (0) given by Eq. (13.458) and D 0 given by Eq. 
(13.488), the a CH o = 1 -> u = 0 vibrational energy, E vlb (l) is 

£, (i (l) = 0.33879 eV (2732.61cm" 1 ) ' (i 3 . 46 0) 
5 The experimental vibrational energy of n CH using o e and a> # x # [14] according to K&P [15] 



is 



E vlb (1) = 0.33885 eV (2733 cm' 1 ) (13.461) 

Using Eq. (13.113) with E yli (l) given by Eq. (13.460) and D 0 given by Eq. (13.488), 
the anharmonic perturbation term, a> 0 x 0 , of l2 CH is 
10 a> 0 x 0 = 66.624 cot" 1 (13.462) 

The experimental anharmonic perturbation term, *y 0 x 0 , of n CH [14] is 

fi> o jc o=64.3cw" 1 (13.463) 

The vibrational energies of successive states are given by Eqs. (13.458), (13.112), and 
(13.462). 

15 Using b given by Eq. (13.438), 2c' given by Eq. (13.436), D 0 given by Eq. (13.490), and 
the reduced nuclear mass of U CD given by 

rrunu (2) (12) 

where m p is the proton mass, the corresponding parameters for deuterium carbide n CD 
(Eqs. (13.102-13.121)) are 



20 c(0)^ k M = m^ =3Mmxl0 ,. ralUms/s 



(13.465) 



*(<>) = 449.94 AfoT 1 (13 . 466) 
E vlb (0) = Ha, = KS.96126X 10 M radls = 0.26074 eV = 2102.97 cm" 1 (13.467) 
E rfb (1) = 0.25173 eV (2030.30 cm" 1 ) (13.468) 



<a 0 x 0 = 36.335 cm' 1 



(13.469) 



25 co e , from the experimental curve fit of the vibrational energies of n CD is [14] 



a>,= 2101.0 cm' 1 (13.470) 
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The experimental vibrational energy of n CD using a t and co e x, [14] according to K&P [15] 



is 



(1) = 0.25189 eV (2031.6 cm- 1 ) (13.471) 
and the experimental anharmonic perturbation term, a> 0 x 0 , of n CD is [14] 
5 o 0 x 0 = 34.7 cm~ l (13.472) 

which match the predictions given by Eqs. (13.467), (13.468) and (13.469), respectively. 

Using Eqs. (13.133-13.134) and the internuclear distance, r = 2c', and reduced mass 
of i2 CH given by Eqs. (13.436) and (13.455), respectively, the corresponding B e is 

B e = 14.498 cm" 1 (13.473) 
10 The experimental B c rotational parameter of n CH is [14] 

B e = 14.457 an 1 (13.474) 

r 

Using the internuclear distance, r = 2c', and reduced mass of n CD given by Eqs. (13.436) 
and (13.464), respectively, the corresponding B e is 

7.807 cur 1 ■ (13.475) 
15 The experimental B e rotational parameter of U CD is [14] 

B e = 7.808 cm~ l (13.476) 



THE DOPPLER ENERGY TERMS OF n CH AND n CD 

The equations of the radiation reaction force of hydrogen and deuterium carbide are the same 
20 as those of the corresponding hydroxyl and hydrogen nitride radicals with the substitution of 
the hydrogen and deuterium carbide parameters. Using Eqs. (11.136) and (13.140-13.142), 
the angular frequency of the reentrant oscillation in the transition state is 



0.75* 



Arrp h? 

^— = 2.41759 X 10 16 rod Is (13.477) 



where b is given by Eq. (13.438). The kinetic energy, E K , is given by Planck's equation 
25 (Eq. (11.127)): 

E K =ha> = £2.41759 * 10 16 rod Is = 15.91299 eV (13.478) 
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In Eq. (1 1.181), substitution of the total energy of CH , E? (CH) s (Eq. (13.432)) for , the 

mass of the electron, m ei for M , and the kinetic energy given by Eq. (13.478) for E K gives 
the Doppler energy of the electrons for the reentrant orbit: 



E D = J% =-31.63537 eV N 15 - 91 ^ 99 eV ) = -0.24966 eV (13.479) 
V Mc )| m e c 

5 In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. The decrease in the energy of CH due to 
the reentrant orbit in the transition state corresponding to simple harmonic oscillation of the 
electrons and nuclei, E osc , is given by the sum of the corresponding energies, E D given by 

Eq. (13.479) and E Kvib , the average kinetic energy of vibration which is 1/2 of the vibrational 
10 energy of CH . The experimental n CH <o e is 2861.6 cm* (0.35480 e7) [14] which 
matches the predicted a> t of 2865.86 cm' 1 (0.35532 eV) given by Eq. (13.458). Using the 
predicted a> e for E Kvlb of the transition state, E gsc ( n CH} is 

E m ( x2 CH) = E D+ E KvW =E D+ h^ (13.480) 

■ 

E^ ( n CH) = -0.24966 e7+-(0.35532 eV) = -0.07200 eV (13.481) 

15 The experimental n CD oa e is 2101.0 cm' 1 (0.26049 eV) [14] which matches the predicted 
co e of 2102.97 cm' 1 (0.26074 eV) given by Eq. (13.467). Using Eq. (13.479) and the 
predicted eo, for E Kvlb of the transition state, E m ( n CD) is 

E*c ( 12 CD) = -0.24966 eK+-(0.26074 eF) = -0.11929 eV (13.482) 



20 TOTAL AND BOND ENERGIES OF n CH AND n CD 

E TltaK [ n CH), the total energy of the 12 CH radical including the Doppler term, is given by 

the sum of E T (CH) (Eq. (13.432)) and E^CH) given by Eq. (13.481): 

Et^o ( n CH) = V e+ T + V m + V p + E(C, 2sp 3 )+E m ( a CFf) ^ ^ 

= E T (CH) + E 0X (»CH) 
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£ r«« ( ncH ) 



k %xs a c ' 



(0.91771) 



2- 



1 a n \ 




3 



v 



2 a 



In 



-1 




\ 



63489 eV 



J 



4 AneJ? 



m 



e 



m e c 



2 V/< 



= -3 1 .63537 eV - 0.24966 + 



2 V/* 



(13.484) 



From Eqs. (13.480-13.481) and (13.483-13.484), the total energy of n CH is 



Et+c* ( n CH) = -3 1 .63537 eV + ^ ( 12 Cff ) 



= -31.63537 ef-0.24966 eF+|(0.35532 eK) 
= -31.70737 



(13.485) 



5 where the predicted (Eq. (13.458)) was used for the hi— term. E T+0St ( 12 CZ)) , the total 

energy of 12 CZ> including the Doppler term, is given by the sum of Ej. (CD) = E T (CH) (Eq. 
(13.432)) and E^CD) given by Eq. (13.482): 
E T+<ac ( n CD) = -3 1 .63537 eV + E „ ( U CD) 



= -31-.63537 eK-0.24966 eK+|(0.26074 eV) 
= -3 1.75462 eV 



(13.486) 



where the predicted w t (Eq. (13.467)) was used for the h /— term. 



10 



The Cff bond dissociation energy, E D ( 12 C/f) , is given by the sum of the total 



energies of the C2^p 3 HO and the hydrogen atom minus £ r+MC ( n CH 
E D ( n CH) = E (C, 2*/? 3 ) + £(#)- ^ +osc ( 12 Ctf) 



(13.487) 



3 The hybridization energy is the difference between and E\£ t 2sp z ) given by Eq. (13.428) and 
E(c,2p shell) given by Eq. (13.421). Since this term adds to E(c 9 2p shell) to give the total energy from 

which E r+gt9 ( ,2 C/f) is subtracted to give E D ( ,2 C#), it is more convenient to simply use £(c,2s/? 3 )directly 
inEq. (13.487). 
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E(C,2sp 3 ) is given by Eq. (13.428), and E D [H) is given by Eq. (13.154). Thus, the n CH 

bond dissociation energy, E D ( n CH), given by Eqs. (13.154), (13.428), (13.485), and 
(13.487) is 

E D ( 12 Cff) = - (14.63489 eV +13.59844 eV)-E Uasc (CH) 

= -28.23333 eF-(-31.70737 eV) (13.488) 
= 3.47404 eV 

5 The experimental n CH bond dissociation energy is [14] 

E D ( 12 CH) = 3A7 eV (13.489) 

which is a close match to that of NH as predicted based on the match between the N and 
Clsp % HO energies and electron configurations. 

The n CD bond dissociation energy, E D ( n CD) , is given by the sum of the total 

1 0 . energies of the C2sp 3 HO and the deuterium atom minus Ej.^ (CD) : 

E D ( ,2 CD) = E{C,2sp 3 )+ E(D)- E r+osc ( n CD) (13.490) 

£(C 3 2^p 3 ) is given by Eg. (13.428), and E D [D) is given by Eq. (13.155). Thus, the n CD 

bond dissociation energy, E D ( 12 CD), given by Eqs. (13.155), (13.428), (13.486), and 

(13.490) is 

£ D ( 12 0>) = -(14.63489 eF+13.603 eV)-E r + osc ( u CD) 
15 =-28.23789 -(-31. 75462 eF) (13.491) 

= 3.51673 eV 

T 

The experimental l2 CD bond dissociation energy is [14] 

E D ( n CD) -3. 52 eV (13.492) 

* 

The results of the determination of bond parameters of CH and CD are given in 
Table 13.1. The calculated results are based on first principles and given in closed-form, 
20 exact equations containing fundamental constants only. The agreement between the 
experimental and calculated results is excellent 



DIHYDROGEN CARBIDE (CH 2 ) 
The dihydrogen carbide radical CH 2 is formed by the reaction of a hydrogen atom with a 
25 hydrogen carbide radical: 



i: 
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CH + H^CH 2 (13.493) 
CH 2 can be solved using the same principles as those used to solve H 2 0 and NH 2 with the 
exception that the carbon 2s and 2p shells hybridize to form a single 2sp* shell as an 
energy minimum. Two diatomic molecular orbitals (MOs) developed in the Nature of the 
5 Chemical Bond of Hydrogen-Type Molecules and Molecular Ions section serve as basis 
functions in a linear combination with two carbon 2sp 3 hybridized orbitals (HOs) to form the 
MO of CH 2 . The solution is very similar to that of CH except that there are two CH bonds 
inC7/ 2 . 

10 FORCE BALANCE OF CH 2 

CH 2 comprises two chemical bonds between carbon and hydrogen atoms. Each 

C - H bond comprises two. spin-paired electrons with one from an initially unpaired electron 
of the carbon atom and the other from the hydrogen atom. Each H -atom electron forms a 
^2 -t yP e ellipsoidal MO with an unpaired C-atom electrons. However, such a bond is not 

15 possible with the outer two C electrons in their ground state since the resulting # 2 -type 
ellipsoidal MO would have a shorter internuclear distance than the radius of the carbon 2 p 
shell, which is not energetically stable. Thus, when bonding the carbon 2s and 2 p shells 

hybridize to form a single 2sp* shell as an energy minimum. The electron configuration and 
the energy, E(C,2sp 3 ), of the C2sp 3 shell is given by Eqs. (13.422), and (13.428), 
20 respectively. 

« 

For each C - H bond, a C2sp 3 electron combines with the His electron to form a 
molecular orbital. The proton of the H atom and the nucleus of the C atom are along each 
internuclear axis and serve as the foci. As in the case of H 2 , each of the two C- H -bond 

MOs is a prolate spheroid with the exception that the ellipsoidal MO surface cannot extend 
25 into the C2sp 3 HO for distances shorter than the radius of the C2sp* shell since it is 
energetically unfavorable. Thus, each MO surface comprises a prolate spheroid at the H 
proton that is continuous with the C2sp* shell at the C atom whose nucleus serves as the 

other focus. The radius and the energy of the C2sp s shell are unchanged with bond 
formation. The central paramagnetic force due to spin of each C - H bond is provided by 
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the spin-pairing force of the CH 2 MO that has the symmetry of an s orbital that 
superimposes with the C2sp 3 orbitals such that the corresponding angular momenta are 
unchanged. 

The energies in the CH 2 MO involve only each C2sp 3 and each His electron with 
5 the formation of each C-H bond. The sum of the energies of the # 2 -type ellipsoidal MOs 
is matched to that of the C2sp 3 shell As in the cases with of OH , H 2 0 9 NH, NH 2> NH 3 , 
and CH the linear combination of each # 2 -type ellipsoidal MO with the C2sp* HO must 
involve a 25% contribution from the H 2 -type ellipsoidal MO to the C2sp 3 HO in order to 
match potential, kinetic, and orbital energy relationships. Thus, the CH 2 MO must comprise 

10 two C - H bonds with each comprising 75% of a H 2 -type ellipsoidal MO and a C2sp 3 HO: 

■ 

r 

[l C2sp 3 + 0.15 H 2 MO]+[lC2sp 3 +0.75 H 2 MO]^CH 2 MO (13.494) 

The force balance of the CH 2 MO is determined by the boundary conditions that arise from 
15 the linear combination of orbitals according to Eq. (13.494) and the energy matching 
condition between the hydrogen and C2sp 3 HO components of the MO. 

The force constant k* to determine the ellipsoidal parameter c } of the each if 2 -type- 
ellipsoidal-MO component of the CH 2 MO in terms of the central force of the foci is given 
by Eq. (13.59). The distance from the origin of each C-i/-bond MO to each focus c } is 
20 given by Eq. (13.60). The internuclear distance is given by Eq. (13.61). The length of the 
semiminor axis of the prolate spheroidal C-H -bond MO b = c is given by Eq. (13,62). The 
eccentricity, e , is given by Eq. (13.63). The solution of the semimajor axis a then allows for 
the solution of the other axes of each prolate spheroid and eccentricity of each C- H -bond 
MO. Since each of the two prolate spheroidal C-H -bond MOs comprises a H 2 -type- 

25 ellipsoidal MO that transitions to the C2sp 3 HO, the energy £(C,2sp 3 ) in Eq. (13.428) adds 
to that of the two corresponding i/ 2 -type ellipsoidal MOs to give the total energy of the CH 2 
MO. From the energy equation and the relationship between the axes, the dimensions of the 
CH 2 MO are solved. 



e 2 



(0.9177l)f2-i-^lb— -1 
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The energy components of V e> V p , T, and V a are twice those of CH corresponding 
to the two C- H bonds. Since the each prolate spheroidal # 2 -type MO transitions to the 
C2sp HO and the energy of the C2sp 3 shell must remain constant and equal to the 
E(C,2sp 3 ) given by Eq. (13.428), the total energy E T (CH 2 ) of the CH 2 MO is given by 
5 the sum of the energies of the orbitals corresponding to the composition of the linear 
combination of the Clsp 3 HO and the two H 2 -type ellipsoidal MOs that forms the CH 2 MO 
as given by Eq. (13.494). Using Eq. (13.431), E T (CH 2 ) is given by 

E T (CH 2 )^E T -¥E(C 9 2sp l \ 

(13.495) 

\ 2a) a-c 

The two hydrogen atoms and the hybridized carbon atom can achieve an energy minimum as 
10 a linear combination of two # 2 -type ellipsoidal MOs each having the proton and the carbon 

nucleus as the foci. Hybridization gives rise to the C2sp 3 HO-shell Coulombic energy 

E coulomb {C,2sp 3 ) given by Eq. (13.425). To meet the equipotential condition of the union of 

the # 2 -type-ellipsoidal-MO and the C2sp 3 HO, the electron energies in Eq. (13.495) were 

normalized by the ratio of 14.82575 eV , the magnitude of E Couhmb (C,2sp 3 ) given by Eq. 

15 (13.425), and 13.605804 eV , the magnitude of the Coulombic energy between the electron 
and proton of H given by Eq. (1.243). The factor given by Eq. (13.430) normalized the 
energies to match that of the Coulombic energy alone to meet the energy matching condition 
of each C - H -bond MO under the influence of the proton and the C nucleus. Each C-H- 
bond MO comprises the same C2sp 3 shell having its energy normalized to that of the 

20 Coulombic energy between the electron and a charge of +e at the carbon focus of the Cff, 
MO. Thus, the energy of the CH 2 MO is also given by the sum of that of the two i/ 2 -type 
ellipsoidal MOs given by Eq. (11.212) minus the Coulombic energy, 

■ 

E couiomb = -13.605804 eV , of the redundant +e of the linear combination: 

"~ ^Coulomb {&) 



E T (2H 2 -H) = - 



e 2 



47ts 0 a 0 



2 



V2-1 



= 2 (-3 1.63536831 eK)-(-13.605804 eV) (13.496) 
= -49.66493 eV 
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E T (CH 2 ) given by Eq. (13.495) is set equal to two times the energy of the # 2 -type 

» 

ellipsoidal MO minus the Coulombic energy of H given by Eq. (13.496): 



E T (CH 2 ) = - 



e. 



(0.91771) 



2- 



1 a„V a+c' 



2 a 



In 



-1 



a-c 



14.63489 eV = -49.66493 eV 



(13.497) 

5 From the energy relationship given by Eq. (13.497) and the relationship between the axes 
given by Eqs. (13.60-13.63), the dimensions of the CH 2 MO can be solved. 

Substitution of Eq. (13.60) into Eq. (13.497) gives 



4^J 2fla ° 



(0.91771)[ 2- 



1 a 



0 



\ 2 a 



J 



2aa 0 
a+ i ^ 



In 



\2aa. 



-1 



a- 



= e35.03004 



(13.498) 



The most convenient way to solve Eq. (13.498) is by the reiterative technique using a 
10 computer. The result to within the round-off error with five-significant figures is 

(13.499) 



a = 1. 6401 0a 0 =8.67903 X 10" n m 

Substitution of Eq. (13.499) into Eq. (13.60) gives 
c' = 1.04566a 0 =5.53338 X 10 _n m 

The intemuclear distance given by multiplying Eq. (13.500) by two is 
15 2c' m 2.09132a 0 = 1.10668 X 10" 10 m 

The experimental bond distance is [38] 

2c' = 1.111 JT 10" 10 m 
Substimtion of Eqs. (13 .499-13.500) into Eq. (13.62) gives 
b = c = \ .26354o 0 = 6.68635 X 10"" m 



(13.500) 



(13.501) 



(13.502) 



(13.503) 



20 Substitution of Eqs. (13.499-13.500) into Eq. (13.63) gives 

e = 0.63756 (13.504) 
The nucleus of the H atom and the nucleus of the C atom comprise the foci of each H 2 - 

type ellipsoidal MO. The parameters of the point of intersection of each /i^-type ellipsoidal 

MO and the C2sp 3 HO are given by Eqs. (13.84-13.95), (13.261-13.270), and (13.440- 
25 13.448). The polar intersection angle 0' is given by Eq. (13.261) where 
r n =r w =0.91771a 0 is the radius of the C2sp 3 shell. Substitution of Eqs. (13.499-13.500) 

intoEq. (13.261) gives 
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*' = 84.54° (13.505) 
Then, the angle 6 CZi/Pho the radial vector of the C2sp 3 HO makes with the internuclear axis 
is 

*cV/, O = 180O - 8454 ° = 9 5-46 o (13.506) 
5 as shown in Figure 14. The angle 9 H}U0 between the internuclear axis and the point of 

intersection of each # 2 -type ellipsoidal MO with the C2jp 3 radial vector given by Eqs. 
(13.442-13.443), (13.503), and (13.506) is • 

<Vo = 46.30° (13.507) 
Then, the distance d H ^ 0 along the internuclear axis from the origin of # 2 -type ellipsoidal 

10 MO to the point of intersection of the orbitals given by Eqs. (13.445), (13.499), and (13.507) 
is 

4, iMO =1.13305a 0 =5.99585X 10-" m (13.508) 
The distance d C2 ^ m along the internuclear axis from the origin of the C atom to the point 
of intersection of the orbitals given by Eqs. (13.447), (13.500), and (13.508) is 
15 ^ cW//o = 0.08739o 0 = 4.62472 X 10- 12 ^ (13.509) 

As shown in Eq. (13.494), the uniform charge-density in the C2sp* HO is increased 
by a factor of 0.25 and the H -atom density is decreased by a factor of 0.25 for by each 
C-H bond. Using the orbital composition of CH 2 (Eq. (13.494)), the radii of 

Cls = 0.171 13a 0 (Eq. (10.51)) and C2sp* = 0.91771a 0 (Eq. (10.424)) shells, and the 

20 parameters of the CH 2 MO given by Eqs. (13.3-13.4), (13.499-13.501), and (13.503-13.509), 

the charge-density of the CH 2 MO comprising the linear combination of two C-#-bond 

MOs is shown in Figure 16. Each C-#-bond MO comprises a # 2 -type ellipsoidal MO and 

a C2sp 3 HO having the dimensional diagram shown in Figure 14. 



25 ENERGIES OF CH 2 



The energies of CH 2 are two times those of CH and are given by the substitution of the 

semiprincipal axes (Eqs. (13.499-13.500) and (13.503)) into the energy equations Eq. 
(13.495) and (Eqs. (13.449-13.452)) that are multiplied by two: 
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V e = (0.91771) ~ lng±^E£ = -72.03287 eV (13.510) 

Aneja 2 -b 2 a-Ja^b 1 



e 2 



V e = Z y=r==r = 26.02344 (13.511) 

4/rff 0 Va -b 

T = (0.91771) ^_fa^EEE = 21 .95990 eV (13.512) 

m e a-4a-b 2 a-^a 2 -b 2 



V m = (0.91771) ^L_ln^±^L£ = -10.97995 eV (13.513) 

2m e asja 2 -b 2 a-y/a 2 -b 2 



5 £ r (C// 2 ) = 



(0.91771)( 2 — -^L 

v 2 



In 1 

a-c* 



-14.63489 eV = -49.66437 eV 



(13.514) 

where E r (CH 2 ) is given by Eq. (13.495) which is reiteratively matched to Eq. (13.496) 
within five-significant-figure round-off error 



10 VIBRATION OF CH 



The vibrational energy levels of CH 2 may be solved as two equivalent coupled harmonic 

oscillators by developing the Lagrangian, the differential equation of motion, and the 
eigenvalue solutions [2] wherein the spring constants are derived from the central forces as 
given in the Vibration of Hydrogen-Type Molecular Ions section and the Vibration of 
15 Hydrogen-Type Molecules section. 



THE DOPPLER ENERGY TERMS OF l2 CH 2 

The reentrant oscillation of hybridized orbitals in the transition state is not coupled. 
Therefore, the equations of the radiation reaction force of dihydrogen and dideuterium 
20 carbide are the same as those of the corresponding hydrogen carbide radicals with the 
substitution of the dihydrogen and dideuterium carbide parameters. Using Eqs. (1 L136) and 
(13.140-13.142), the angular frequency of the reentrant oscillation in the transition state is 

0.75e 2 



a>=\\ °— = 2.52077 X10 16 rad/s (13.515) 
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where b is given by Eq. (13.503). The kinetic energy, E K , is given by Planck's equation 
(Eq. (11.127)): 

E K =ha) = h2.52077X 10'* rad Is = 16.59214 eV (13.516) 
In Eq. (11.181), substitution of Et(H 2 ) (Eqs. (11.212) and (13.75)), the maximum total 
5 energy of each H 2 -type MO, for , the mass of the electron, m e , for M , and the kinetic 
energy given by Eq. (13.516) for E K gives the Doppler energy of the electrons of each of the 
two bonds for the reentrant orbit: 



= c \ 2E k « „ 2e(l6.59214 eV) 

E D S Jj£ = -31.63537 eVj — * 1 = -0.25493 eV (13.517) 

10 In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. The decrease in the energy of CH 2 due to 
the reentrant orbit of each bond in the transition state corresponding to simple harmonic 
oscillation of the electrons and nuclei, E osc , is given by the sum of the corresponding 

energies, E D given by Eq. (13.517) and E Kvib , the average kinetic energy of vibration which 
15 is 1/2 of the vibrational energy of each C-H bond. Using co e given by Eq. (13.458) for 
E Kvib of the transition state having two independent bonds, E % osc ( n CH 2 ) per bond is 

( l2 CH 2 ) = E D + E Kvib = E D /* (13.518) 

V 

E'^ ( U CH 2 ) = -0.25493 eV+ -(0.35532 eV) = -0.07727 eV (13.519) 
Given that the vibration and reentrant oscillation is for two C - H bonds, E^ ( n CH 2 ), is: 



E mc ( n CH 2 ) = 2 



20 =2 



-0.25493 eF+-(0.35532eF)l (13.520) 
v 2 J 



= -0.15454 eV 
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TOTAL AND BOND ENERGIES OF U CH, 



j£ r+osl , ( 12 C# 2 ), the total energy of the 12 CH 2 radical including the Doppler term, is given by 
the sum of E T (CH 2 ) (Eq. (13.497)) and ( "CHj ) given by Eq. (13.520): 



Er^iCH^V^T + Vn+Vr + Eicasp^+E^CH,) 
= Er(CH 2 )+E m ( n CH 2 ) 



(13.521) 



[f0.9177l)f2---^ L )ln^ : ^-ll-14.63489 eV | 
{tee 0 c' L V . \ 2 a) a-c< J ) 



-2 



(31.63536831 e 



2 a j 


1 a-c y 




3 




4 bite J? 


m e 





2 



(13.522) 



= -49.66493 eV - 2 



' 1 fP 

0.25493 eV — %. — 



2 \/*J 

From Eqs. (13.518-13.522), the total energy of n CH 2 is 
E T ^( l2 CH 2 ) = -49.66m eV+E ox ( l2 CH 2 ) 



= -49.66493 eV - 2^0.25493 ef ~|(0.35532 eV) 



(13.523) 



= -49.81948 eV 



k 



where o e given by Eq. (13.458) was used for the ftj— term. 

n CH 2 has the same electronic configuration as U NH . The dissociation of the bond 
10 of the dihydrogen carbide radical forms a free hydrogen atom with one unpaired electron and 
a C2sp 3 HO with three unpaired electrons as shown in Eq. (13.422) wherein the magnetic 
moments cannot all cancel. Thus, the bond dissociation of n CH 2 gives rise to l2 CH with the 
same electronic configuration as N as given by Eq. (10.134). The N configuration is more 
stable than H as shown in Eqs. (10.141-10.143). The lowering of the energy of the reactants 
1 5 decreases the bond energy. The total energy of carbon is reduced by the energy in the field of 
the two magnetic dipoles given by Eq. (7.46) and Eq. (13.424): 



Miotic) = iS^- = ' 014803 eV 



(13.524) 



WO 2007/051078 PCT/US2006/042692 

199 

The CH 2 bond dissociation energy, E D ( X2 CH 2 ) , is given by the sum of the total energies of 
the CH radical and the hydrogen atom minus the sum of E T ^ e ( n CH 2 ) and E(magnetic) : 

E^CH^E^CH^Ei^-Er^CH^-Eimagnetic) (13.525) 
where E r ( n CH) is given by the sum of the energies of me C2sp 3 HO, E(c,2sp 3 \ given by 

5 Eq. (13.428), E D (H) given by Eq. (13.154), and the negative of the bond energy of n CH 
given by Eq. (13.489): 

E( n CH) = -13.59844 eK-14.63489 eV-3A7 eV = -31.70333 eV (13.526) 
Thus, the n CH 2 bond dissociation energy, E D ( n CH 2 ), given by Eqs. (13.154), and (13.523- 
13.526) is 

E D ( l2 CH 2 ) = -(3 1 .70333 eV + 1 3.59844 eV) - [e t ^ ( n CH 2 ) + E (magnetic)) 

10 =-45.30177 eK-(-49.81948e7 + 0.14803eF) 

= 4.36968 eV 

(13.527) 

The experimental n CH 2 bond dissociation energy is [39] 

i 

£z> ( U CH 2 ) = 4.33064 eV (1 3.528) 



15 BOND ANGLE OF l2 CH 2 

The C/f 2 MO comprises a linear combination of two C-/f-bond MOs. Each C- #-bond 

MO comprises the superposition of a H 2 -type ellipsoidal MO and the C2sp* HO with a 

relative charge density of 0.75 to 1.25; otherwise, the C2sp 3 shell is unchanged. A bond is 
also possible between the two H atoms of the C-H bonds. Such H-H bonding would 
20 decrease the C- H bond strength since electron density would be shifted from the C-H 
bonds to the H-H bond. Thus, the bond angle between the two C-H bonds is 
determined by the condition that the total energy of the H 2 -type ellipsoidal MO between the 

terminal H atoms of the C-H bonds is zero. From Eqs. (1 1.79) and (13.228), the distance 
from the origin to each focus of the H - H ellipsoidal MO is 



25 



\m/2a V 2 



(13.529) 



The internuclear distance from Eq. (13.229) is 
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2c' = 2' afl o 



(13.530) 



The length of the semiminor axis of the prolate spheroidal H-H MO b = c is given by Eq. 
(13.62). 

The bond angle of CH 2 is derived by using the orbital composition and an energy 

5 matching factor as in the case with NH 2 and NH 3 .. Since the two # 2 -type ellipsoidal MOs 

comprise 75% of the H electron density of H 2 and the energy of each # 2 -type ellipsoidal 

MO is matched to that of the C2sp 3 HO; the component energies and the total energy E T of 

the H-H bond are given by Eqs. (13.67-13.73) except that V e> T, and V m are corrected for 

the hybridization-energy-matching factor of 0.91771 given by Eq. (13.430). Substitution of 
10 Eq. (13.529) into Eq. (13.233) with the hybridization factor gives 



0 = 



l aa 0 

(0.9177l)-^-3Al m !!±L 
tfao U 8 a ) UT 



-l 



1+ 



i 





0.75e 2 






m e 


m,c 2 \ 

c 




1 0.75e 2 


e 2 






0.5m p 



. (13.531) 

From the energy relationship given by Eq. (13.531) and the relationship between the axes 
given, by Eqs. (13.529-13.530) and (13.62-13.63), the dimensions of the H-H MO can be 
15 solved. 

The most convenient way to solve Eq (13.531) is by the reiterative technique using a 
computer. The result to within the round-off error with five-significant figures is 

a = 5.1500a 0 =2.7253* 10 -10 m 
Substitution of Eq. (13.532) into Eq. (13.529) gives 
20 c' = 1.6047a 0 = 8.4916 X 10" 11 m 

The internuclear distance given by multiplying Eq. (13.533) by two is 
2c' = 3.2094a 0 =1.6983 X lO" 10 m 

Substitution of Eqs. (13.532-13.533) into Eq. (13.62) gives 
b = c = 4.8936a 0 = 2.5896* 10 -10 m 



(13.532) 



(13.533) 



(13.534) 



(13.535) 
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Substitution of Eqs. (13.532-13.533) into Eq. (13.63) gives 

c = 0.31 16 (13.536) 
Using, 2c' H _„ (Eq. (13.534)), the distance between the two H atoms when the total 

energy of the corresponding MO is zero (Eq. (13.531)), and 2c' c _ H (Eq. (13.501)), the 
5 intranuclear distance of each C-H bond, the corresponding bond angle can be determined 
from the law of cosines. Using, Eq. (13.242), the bond angle 6 between the C-H bonds is 

f 2(2.091 32) 2 -(3.2094) 2 ^ 



0 = COS 



= cos" 1 (-0.1775) = 100.22° (13.537) 



2(2.09132) z 

The experimental angle between the C - H bonds is [38] 

0 = 102.4° (13.538) 
1 0 The results of the determination of bond parameters of CH 2 are given in Table 13.1. 

The calculated results are based on first principles and given in closed-form, exact equations 

* 

containing fundamental constants only. The agreement between the experimental and 
calculated results is excellent. 



15 METHYL RADICAL (CH 3 ) 

The methyl radical CH $ is formed by the reaction of a hydrogen atom with a dihydrogen 
carbide radical: 

CH. + H^CH, (13.539) 

* 

20 CH 3 can be solved using the same principles as those used to solve and NH $ with the 
exception that the carbon 2s and 2p shells hybridize to form a single 2sp 3 shell as an 
energy minimum. Three diatomic molecular orbitals (MOs) developed in the Nature of the 
Chemical Bond of Hydrogen-Type Molecules and Molecular Ions section serve as basis 
functions in a linear combination with three carbon 2sp 3 hybridized orbitals (HOs) to form 

25 the MO of CH 3 . The solution is very similar to that of CH 2 except that there are three CH 
bonds in CH, . 
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FORCE BALANCE OF CH 3 

CH 3 comprises three chemical bonds between carbon and hydrogen atoms. Each 
C-H bond comprises two spin-paired electrons with one from an initially unpaired electron 
of the carbon atom and the other from the hydrogen atom. Each H -atom electron forms a 

5 # 2 -type ellipsoidal MO with an unpaired C-atom electrons. However, such a bond is not 
possible with the outer two C electrons in their ground state since the resulting H 2 -type 
ellipsoidal MO would have a shorter internuclear distance than the radius of the carbon 2p 
shell which is not energetically stable, and only two electrons are unpaired. Thus, when 
bonding the carbon 2s and 2p shells hybridize to form a single 2sp* shell as an energy 

10 minimum. The electron configuration and the energy, E(C,2sp*) y of the C2sp* shell is 

given by Eqs. (13.422), and (13.428), respectively. 

For each C-H bond, a C2sp* electron combines with the His electron to form a 
molecular orbital. The proton of the H atom and the nucleus of the C atom are along each 
internuclear axis and. serve as the foci. As in the case of H 2 , each of the three C-H -bond 

15 MOs is a prolate spheroid with the exception that the ellipsoidal MO surface cannot extend 
into C2sp l HO for distances shorter than the radius of the C2sp* shell since it is 
energetically unfavorable. Thus, each MO surface comprises a prolate spheroid at the H 
proton that is continuous with the C2sp 3 shell at the C atom whose nucleus serves as the 
other focus. The radius and the energy of the C2sp 3 shell are unchanged with bond 

20 formation. The central paramagnetic force due to spin of each C-H bond is provided by 
the spin-pairing force of the CH 3 MO that has the symmetry of an s orbital that 
superimposes with the C2sp 3 orbitals such that the corresponding angular momenta are 
unchanged. 

The energies in the CH 3 MO involve only each C2sp 3 and each His electron with 
25 the formation of each C-H bond. The sum of the energies of the # 2 -type ellipsoidal MOs 
is matched to that of the C2sp* shell. As in the cases with of OH, H 2 0 9 NH , NH 29 NH 3 , 
CH , and CH 2 the linear combination of each # 2 -type ellipsoidal MO with the C2sp HO 
must involve a 25% contribution from the H 2 -type ellipsoidal MO to the C2sp 3 HO in order 
to match potential, kinetic, and orbital energy relationships. Thus, the Ci/ 3 MO must 
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comprise three C-H bonds with each comprising 75% of a tf 2 -type ellipsoidal MO and a 
C2sp* HO: 

3[l C2sp 3 +0.75 H 2 MO] -> CH 3 MO (13.540) 

5 

The force balance of the CH 3 MO is determined by the boundary conditions that arise from 
the linear combination of orbitals according to Eq. (13.540) and the energy matching 
condition between the hydrogen and C2sp 3 HO components of the MO. 

The force constant k' to determine the ellipsoidal parameter c 1 of the each if 2 -type- 
10 ellipsoidal-MO component of the CH 3 MO in terms of the central force of the foci is given 

by Eq. (13.59). The distance from the origin of each C~/J-bond MO to each focus c' is 
given by Eq. (13.60). The internuclear distance is given by Eq. (13.61). The length of the 
semiminor axis ofthe prolate spheroidal C-tf-bondMO b = c is given by Eq. (13.62). The 
eccentricity, e , is given by Eq. (13.63). The solution of the semimajor axis a then allows for 
15 the solution ofthe other axes of each prolate spheroid and eccentricity of each C-H -bond 
MO. Since each of the three prolate spheroidal C-H -bond MOs comprises a ff 2 -type- 

ellipsoidal MO that transitions to the C2sp 3 HO, the energy E(C,2sp 3 ) in Eq. (13.428) adds 
to that of the three corresponding H 2 -type ellipsoidal MOs to give the total energy of the 
CH 3 MO. From the energy equation and the relationship between the axes, the dimensions 
20 ofthe CH 3 MO are solved. 

The energy components of V ei V p9 T, and V m are three times those of CH 
corresponding to the three C - H bonds. Since the each prolate spheroidal H 2 -type MO 
transitions to the C2sp* HO and the energy of the C2sp 3 shell must remain constant and 
equal to the E(C 9 2sp*) given by Eq. (13.428), the total energy (CH 3 ) of the CH 3 MO is 

25 given by the sum of the energies of the orbitals corresponding to the composition ofthe linear 
combination of the C2sp 3 HO and the three tf 2 -type ellipsoidal MOs that forms the CH 3 

MO as given by Eq. (13.540). Using Eq. (13.431), E T (CH 3 ) is given by 
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E T (CH 3 ) = E r +E(C,2sp 3 ) 

3e 2 



204 



%ite 0 c 



(0.91771)^2 



1 ai^a+V 



2 a 



-1 



a-c 



-14.63489 eV 



(13.541) 



The three hydrogen atoms and the hybridized carbon atom can achieve an energy minimum 
as a linear combination of three i/ 2 -type ellipsoidal MOs each having the proton and the 

carbon nucleus as the foci. Hybridization gives rise to the C2sp 3 HO-shell Coulombic 

5 energy E Coutomb (C,2sp 3 ) given by Eq. (13.435). To meet the equipotential condition of the 

union of the H 2 -type-ellipsoidal-MO and the C2sp* HO, the electron energies in Eqs. 
(13.431), (13.495), and (13.541) were normalized by the ratio of 14.82575 eV , the 
magnitude of (c,2sp*) given by Eq. (13.425), and 13.605804 eV , the magnitude of 

the Coulombic energy between the electron and proton of H given by Eq. (1.243). The 
10 factor given by Eq. (13.430) normalized the energies to match that of the Coulombic energy 
alone to meet the energy matching condition of each C- H -bond MO under the influence of 

the proton and the C nucleus. Each C-H -bond MO comprises the same C2sp 3 shell 
having its energy normalized to that of the Coulombic energy between the electron and a 
charge of +e at the carbon focus of the Cff 3 MO. Thus, the energy of the CH % MO is also 

15 given by the sum of that of the three ff 2 -type ellipsoidal MOs given by Eq. (1 1.212) minus 
two times the Coulombic energy, E Cmlomb (H) = -13.605804 eV , of the two redundant +e's 



of the linear combination: 



E T (3H 2 -2H) = 



3e' 



&xe 0 a 0 



2>/2-V2 + 



>/2 



In 



>/2 + l 
V2-1 



-J2 



2E 



Coulomb 



= 3 (-3 1.63536831 e^)-2(-13.605804 eV) 
= -67.69450 eV 



(13.542) 

20 E T (CH 3 ) given by Eq. (13.541) is set equal to three times the energy of the # 2 -type 
ellipsoidal MO minus two times the Coulombic energy of H given by Eq. (13.542): 

E T [CH 3 )= ~^— t (0.91771) (2-i-^lln— -ll-14.63489 eV = -67.69450 eV 

for^c' |_ v '\ 2a) a-c' \ 



(13.543) 
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From the energy relationship given by Eq. (13.543) and the relationship between the axes 
given by Eqs. (13.60-13.63), the dimensions of the CH 3 MO can be solved. 
Substitution of Eq. (13.60) into Eq. (13.543) gives 



3e : 



Zne 0 . 



Uaa 0 



(0.91771) 



2 a 



\ a + 



2aa 0 



J 



In h=^=-\ 

a- 



] 2aa 0 



= e53.05961 (13.544) 



5 The most convenient way to solve Eq. (13.544) is by the reiterative technique using a 
computer. The result to within the round-off error with five-significant figures is 

a = 1.62893fl 0 = 8.61990 X 10" 11 m (13.545) 
Substitution of Eq. (13.545) into Eq. (13.60) gives 

e f = 1.04209(3 o =5.51450Jr lO' 11 m (13.546) 
10 The internuclear distance given by multiplying Eq. (13.546) by two is 

2c' = 2.08418o 0 = 1. 10290 X 10 -10 m (13.547) 

■ 

The experimental bond distance is [38] 

2c' = 1.079Jf 10" 10 m (13.548) 
Substitution of Eqs. (13.545-13.546) into Eq. (13.62) gives 

i 

15 & = c = 1.25198o 0 = 6.62518 X 10"" m (13.549) 

Substitution of Eqs. (13.545-13.546) into Eq. (13.63) gives 

e = 0.63974 (13.550) 
The nucleus of the H atom and the nucleus of the C atom comprise the foci of each H 2 - 
type ellipsoidal MO. The parameters of the point of intersection of each #2 -type ellipsoidal 

20 MO and the C2sp 3 HO are given by Eqs. (13.84-13.95), (13.261-13.270), and (13.434- 
13.442). The polar intersection angle 0' is given by Eq. (13.261) where 
r » = V =0 - 91771a o is the radius of the C2sp 3 shell. Substitution of Eqs. (13.545-13.546) 

into Eq. (13.261) gives 

0' = 85.65° (13.551) 
25 Then, the angle 0 C2sp , HO the radial vector of the C2sp 3 HO makes with the internuclear axis 

IS 

^c2sp*no = 180° — 85.65° = 94.35° (13.552) 
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as shown in Figure 14. The angle 0„ iMO between the intemuclear axis and the point of 

intersection of each # 2 -type ellipsoidal MO with the Clsp 3 radial vector given by Eqs. 
(13.442-13.443), (13.549), and (13.552) is 

Q h^o = 46.96° (13 .55 3) 

5 Then, the distance d„^ 0 along the intemuclear axis from the origin of H 2 -type ellipsoidal 

MO to the point of intersection of the orbitals given by Eqs. (13.445), (13.545), and (13.553) 
is 

d HjMO =1.1117200 =5.88295* 10" u m (13.554) 
The distance d C2 ^ m along the intemuclear axis from the origin of the C atom to the point 
10 of intersection of the orbitals given by Eqs. (13.447), (13.546), and (13.554) is 

c? cV/ / o ==006963 °o=3.68457X10- ,2 i n (13.555) 

As shown in Eq. (13.540), the uniform charge-density in the Clsp 1 HO is increased 
by a factor of 0.25 and the //-atom density is decreased by a factor of 0.25 for by each 
C-H bond. Using the orbital composition of CH 3 (Eq. (13.540)), the radii of 

15 Cls = 0.171 13a 0 (Eq. (10.51)) and Clsp 3 =0.9177 'la 0 (Eq. (10.424)) shells, and the 

parameters of the CH 3 MO given by Eqs. (13.3-13.4), (13.545-13.547), and (13.549-13.555), 

the charge-density of the CH 3 MO comprising the linear combination of three C-H -bond 

MOs is shown in Figure 1 7. Each C-H -bond MO comprises a H 2 -type ellipsoidal MO and 

a Clsp 3 HO having the dimensional diagram shown in Figure 14. 

20 

ENERGIES OF CH 3 

The energies of CH 3 are three times those of CH and are given by the substitution of the 

semiprincipal axes (Eqs. (13.545-13.546) and (13.549)) into the energy equations Eq. 
(13.541) and (Eqs. (13.449-13.452)) that are multiplied by three: 

25 V e =3(0.91771) ^L^ ^" ~ b =-108.94944 eV (13.556) 

8;zs 0 Va -6 a-y]a 2 -b 2 

V P=~ 7i =39.16883 eV (13.557) 
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r- 3(0.91771)- * mfl^^. 33.44213 eV (13.558) 

2m e a^er -b a- Vfl - b 

V m = 3(0.91771) ^^ln£±^piL = -16.72107 (13.559) 

4m c av a - 6 a-^cr-b 



E T (CH 3 )= 3e * 



( 0.91771) 



2- 



o 



2 a 



ln^-1 



-14.63489 = -67.69444 



(13.560) 

5 where E T (CH 3 ) is given by Eq. (13.541) which is reiteratively matched to Eq. (13.542) 
within five-significant-figure-round-ofF-error. 



VIBRATION OF CH 3 

The vibrational energy levels of CH 3 may be solved as three equivalent coupled harmonic 

10 oscillators by developing the Lagrangian, the differential equation of motion, and the 
eigenvalue solutions [2] wherein the spring constants are derived from the central forces as 

» 

given in the Vibration of Hydrogen-Type Molecular Ions section and the Vibration of 
Hydrogen-Type Molecules section. 

15 THE DOPPLER ENERGY TERMS OF n CH, 

The reentrant oscillation of hybridized orbitals in the transition state is not coupled. 
Therefore, the equations of the radiation reaction force of methyl radical are the same as 
those of the corresponding hydrogen carbide radicals with the substitution of the methyl 
radical parameters. Using Eqs. (11.136) and (13.140-13.142), the angular frequency of the 
20 reentrant oscillation in the transition state is 



CD = 



0J5e : 



2— = 2.55577 X 10" radls (13.561) 



1 m e 



where b is given by Eq. (13.549). The kinetic energy, E K , is given by Planck's equation 
(Eq. (11.127)): 

E K =tl0 = h2.555nX 10 16 radls = 16.82249 eV (13.562) 
25 In Eq. (11.181), substitution of E T {H 2 ) (Eqs. (11.212) and (13.75)), the maximum total 
energy of each H 2 -type MO, for E^ , the mass of the electron, m e , for M , and the kinetic 
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energy given by Eq. (13.562) for E K gives the Doppler energy of the electrons of each of the 
three bonds for the reentrant orbit: 



E D = E h J^ = -31.63537 eV \ H^ 21 ^ eV ) = .0.25670 eV (13.563) 



Mc l \ m e c 

In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 

■ 

5 transition state at their corresponding frequency. The decrease in the energy of CH^ due to 
the reentrant orbit of each bond in the transition state corresponding to simple harmonic 

* 

oscillation of the electrons and nuclei, E^ , is given by the sum of the corresponding 
energies, E D given by Eq. (13.563) and E Ktlb , the average kinetic energy of vibration which 
is 1/2 of the vibrational energy of each C-H bond. Using co e given by Eq. (13.458) for 
10 I M of the transition state having three independent bonds, E'^^CH,) per bond is 

E'^ 2 CH 3 ) = E D+ E KvW =E D+ \h^ (13-564) 

E , ox { 12 CH 3 ) = -0.25670 eF+i(0.35532 ^) = -0.07904 eV (13.565) 
Given that the vibration and reentrant oscillation is for three C-H bonds, E m ( n CH 3 ) , is: 

= 3f-0.25670er +^-(0.35532 eF)) (13.566) 
= -0.23711 eV 

15 

TOTAL AND BOND ENERGIES OF n CH 3 

E T+<*e ( ncH 3 )> total energy of the n CH 3 radical including the Doppler term, is given by 
the sum of E T {CH 3 ) (Eq. (13.543)) and ( n CH 3 ) given by Eq. (13.566): 

^ + „c(c^)=^ + 7- + K B+ p; + £(c,2^) + ^( 12 ci/ 3 ) (i356?) 

= E r (CH 3 )+E OIC ( u CH 3 ) 



E^CH^E^-hV- 
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E T+osc ( U CHs ) 



^ k 91 m i 2 -4-1 m ^ - *1 - 14 - 634 »9 

^8;re 0 c L A 2 a J a-c' J I 



-3 (31.63536831 eV) | 



3 e : 



= -67.69450 eF- 3 



0.25670 



-3 1*/* 

2 V/^J 



(13.568) 



From Eqs. (13.564-13.568), the total energy of n CH 3 is 

( U C// 3 ) = -67.69450 eV + E^ n CH 3 ) 



1 



= -67.69450 eV- 3^0.25670 «?K~|(0.35532 eF) 
= -67.93160 eV 



(13.569) 



where a> e given hyEq. (13.458) was used for the ft J— term. 




The CH 3 bond dissociation energy, £ 0 ( l2 C£f 3 ), is given by the sum of the total 
energies of the CH 2 radical and the hydrogen atom minus E T+0SC ( n CH 3 ) : 

E d ("CH 3 ) = E("CH 2 ) + E(H)-E t+0X ( 12 CH 3 ) 
where E T { n CH 2 ) is given by the sum of the energies of the C2sp 3 HO, E[C,2sp 3 ) given 
by Eq. (13.428), 2E D (H) given by Eq. (13.154), and the negative of the bond energies of 



(13.570) 



10 n CH given by Eq. (13.489) and 12 CH 2 given by Eq. (13.528): 

J E( 12 CH 2 ) = 2(-13.59844 eF)-14.63489 eV -3 .47 eV -4.33064 eV = -49.63241 eV 
(13.571) 

Thus, the n CH 3 bond dissociation energy, E D ( 12 CH 3 ), given by Eqs. (13.154), and (13.569- 
13.571) is 

f 

E D ( 12 CH 3 ) = -(^19.63241 eF-13.59844 eV)-E T+ose ( 12 CH 3 ) 

= -63.23085eF-(-67.93160 eF) (13.572) 
= 4.70075 eV 

The experimental U CH 3 bond dissociation energy is [40] 



15 



E D ( 12 CH 3 ) = 4.72444 eV 



(13.573) 
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BOND ANGLE OF 12 CH 3 

Using, 2c' H _ H (Eq. (13.534)), the distance between the two H atoms when the total 
energy of the corresponding MO is zero (Eq. (13.531)), and 2c' c _„ , the internuclear distance 
5 of each C-H bond (Eq. (13.547)), the corresponding bond angle can be determined from 
the law of cosines. Using Eq. (1 3.537), the bond angle 9 between the C - H bonds is 

p_ co: -.f 2(2.08418) 2 -(3.2094) 2 ^ 
{ 2(2.08418) 2 

= 008-' (-0.18560) (13.574) 
= 100.70° 

The CH 3 radical has a pyramidal structure with the carbon atom along the z-axis at 
the apex and the hydrogen atoms at the base in the xy-plane. The distance d . „ from the 

•r a origin— H 

■ 

10 origin to the nucleus of a hydrogen atom given by Eqs. (13.534) and (13.412) is 

d oH gin -H =l-85293o 0 (13.575) 

The height along the z-axis of the pyramid from the origin to C nucleus ht given by Eqs. 

(13.414), (13.547), and (13.575) is 

^ s *,=°-95418a 0 (13.576) 

r 

15 Theangle 0 V ofeach C-H bond from the z-axis given by Eqs. (13.416), (13.575), and 
(13.576) is 

9. =62.75° (13 .5 77) 
The CH 3 MO shown in Figure 17 was rendered using these parameters. 

The results of the determination of bond parameters of CH Z are given in Table 13.1. 
20 The calculated results are based on first principles and given in closed-form, exact equations 
containing fundamental constants only. The agreement between the experimental and 
calculated results is excellent. 



METHANE MOLECULE (CH 4 ) 

25 The methane molecule CH A is formed by the reaction of a hydrogen atom with a methyl 
radical: 

CH^H^CH, (13 . 578) 
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Ci/ 4 can be solved using the same principles as those used to solve and CH, wherein the 
carbon 2s and 2p shells hybridize to form a single 2sp 3 shell as an energy minimum Four 
diatomic molecular orbitals (MOs) developed in the Nature of the Chemical Bond of 
Hydrogen-Type Molecules and Molecular Ions section serve as basis functions in a linear 
5 combination with four carbon 2sp 3 hybridized orbitals (HOs) to form the MO of CH The 
solution is very similar to that of CH 2 except that there are four CH bonds in CH A . 
Methane is the simplest hydrocarbon that can be solved using the results for CH 3 . From the 
solution of CH 2 as well as C/f 3 , more complex hydrocarbons can be solved using these 

r 

radical as basis elements with bonding between the C2sp 3 hybridized carbons. 

10 

FORCE BALANCE OF CH, 

CH A comprises four chemical bonds between carbon and hydrogen atoms. Each 
C-H bond comprises two spin-paired electrons with one from an initially unpaired electron 
of the carbon atom and the other from the hydrogen atom. Each H -atom electron forms a 

15 i/ 2 -type ellipsoidal MO with an unpaired C-atom electrons. However, such a bond is not 
possible with the outer two C electrons in their ground state since the resulting H 2 -type 
ellipsoidal MO would have a shorter internuclear distance than the radius of the carbon 2 p 
shell which is not energetically stable, and only two electrons are unpaired. Thus, when 
bonding the carbon 2s and 2p shells hybridize to form a single 2sp 3 shell as an energy 

20 minimum. The electron configuration and the energy, E(c,2sp 3 ), of the C2sp 3 shell is 
given by Eqs. (13.422), and (13.428), respectively. 

For each C-H bond, a C2sp 3 electron combines with the His electron to fonn a 
molecular orbital. The proton of the H atom and the nucleus of the C atom are along each 
internuclear axis and serve as the foci. As in the case of H 29 each of the four C-H -bond 

25 MOs is a prolate spheroid with the exception that the ellipsoidal MO surface cannot extend 
into the C2sp 3 HO for distances shorter than the radius of the C2sp 3 shell since it is 
energetically unfavorable. Thus, each MO surface comprises a prolate spheroid at the H 
proton that can be solve as being continuous with the C2sp 3 shell at the C atom whose 
nucleus serves as the other focus. The radius and the energy of the C2sp 3 shell are 



WO 2007/051078 PCTAJS 2006/042692 

212 

unchanged with bond formation. The central paramagnetic force due to spin of each C-H 
bond is provided by the spin-pairing force of the CH 4 MO that has the symmetry of an s 

orbital that superimposes with the C2sp 3 orbitals such that the corresponding angular 
momenta are unchanged. 
5 The energies in the CH 4 MO involve only each C2sp* and each His electron with 

the formation of each C-H bond. The sum of the energies of the # 2 -type ellipsoidal MOs 
is matched to that of the C2sp* shell. As in the cases with of OH 9 H 2 0 , NH , NH 2 , NH 3 , 
CH , CH 2 , and Ctf 3 the CH 4i the CH 4 MO must comprise four C-H bonds with each 
having 75% of a H 2 -type ellipsoidal MO and a C2sp 3 HO in a linear combination in order to 

10 match potential, kinetic, and orbital energy relationships: 

■ • 

4[l C2sp 3 + 0.75 H 2 MO] -±CH<MO (13.579) 
The force balance of the CH A MO is determined by the boundary conditions that arise from 

i 

15 the linear combination of orbitals according to Eq. (13.579) and the energy matching 
condition between the hydrogen and C2sp 3 HO components of the MO. 

The force constant k'. to determine the ellipsoidal parameter c' of the each # 2 -type- 
eUipsoidal-MO component of the Ctf 4 MO in terms of the central force of the foci is given 
by Eq. (13.59). The distance from the origin of each C-H -bond MO to each focus c' is 

20 given by Eq. (13.60). The internuclear distance is given by Eq. (13.61). The length of the 
semiminor axis of the prolate spheroidal C -H -bond MO b = c is given by Eq. (13.62). The 
eccentricity, e , is given by Eq. (13.63). The solution of the semimajor axis a then allows for 
the solution of the other axes of each prolate spheroid and eccentricity of each C-H-bond 
MO. Since each of the four prolate spheroidal C- H -bond MOs comprises a H 2 -type- 

25 ellipsoidal MO that transitions to the C2sp 3 HO, the energy E(c,2sp 3 ) in Eq. (13.428) adds 
to that of the four corresponding H 2 -type ellipsoidal MOs to give the total energy of the 
CH, MO. From the energy equation and the relationship between the axes, the dimensions 
of the CH A MO are solved. 
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The energy components of V tt V T , and V m are four times those of CH 
corresponding to the four C-H bonds. Since the each prolate spheroidal H 2 -typ& MO 
transitions to the C2sp 3 HO and the energy of the C2sp 3 shell must remain constant and 
equal to the E(C>2sp 3 ) given by Eq. (13.428), the total energy E T (C/T 4 ) ofthe CH 4 MO is 
5 given by the sum ofthe energies of the orbitals corresponding to the composition ofthe linear 
combination of the C2sp 3 HO and the four H 2 -type ellipsoidal MOs that forms the CH t 

MO as given by Eq. (13.579). Using Eq. (13.431), E,. (CH 4 ) is given by 



E T [CHj = E T +E(C,2sp 3 ) 



ln^-1 
a-c' 



(13.580) 

-14.63489 eV 



$7re 0 ci' (_ \ 2 fly 

The four hydrogen atoms and the hybridized carbon atom can achieve an energy minimum as 
10 a linear combination of four ZT 2 -type ellipsoidal MOs each having the proton and the carbon 

nucleus as the foci. Hybridization gives rise to the Clsp 1 HO-shell Coulombic energy 

E Cwhmb (C,2sp 3 ) given by Eq. (13.435). To meet the equipotential condition ofthe union of 

the H 2 -type-ellipsoidal-MO and the C2sp* HO, the electron energies in Eqs. (13.431), 
(13.495), (13.541), and (13.580) were normalized by the ratio of 14.82575 eV , the 
15 magnitude of E Cottlomb (C,2sp 2 ) given by Eq. (13.425), and 13.605804 eV , the magnitude of 

the Coulombic energy between the electron and proton of H given by Eq. (1.243). The 
factor given by Eq. (13.430) normalized the energies to match that of the Coulombic energy 
alone to meet the energy matching condition of each C-H -bond MO under the influence of 
the proton and the C nucleus. Each C-H -bond MO comprises the same C2sp 3 shell 
20 having its energy normalized to that of the Coulombic energy between the electron and a 
charge of +e at the carbon focus ofthe CH A MO. Thus, the energy ofthe CH A MO is also 
given by the sum of that ofthe four .#2 -type ellipsoidal MOs given by Eq. (11.212) minus 
three times the Coulombic energy, E Cmlomb (#) = -13.605804 eV , ofthe three redundant 
+e 's ofthe linear combination: 
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E T (4H 2 -3H) = 



4e : 



2 V2-1 



= 4(-31.63536831eF)-3(-13.605804*r) 
= -85.72406 eV 



(13.581) 



E T (CH A ) given by Eq. (13.580) is set equal to four times the energy of the H 2 -type 
ellipsoidal MO minus three times the Coulombic energy of H given by Eq. (13.581): 

E T {CHA = —^- (0.91771) f 2 ---^]ln^ : ^-l 1-14.63489 eV = -85.72406 eV 
n " %m 0 c' ]} \ 2 a ) a-c' J 

5 (13.582) 

From the energy relationship given by Eq. (13.582) and the relationship between the axes 

given by Eqs. (13.60-13.63), the dimensions of the CH 4 MO can be solved. 

Substitution of Eq. (13.60) into Eq. (13.543) gives 



4e 2 



l2aa« 
87r£ °V~3^ 



(0.91771) 



2- 



v 



2 a 



J 



a + 



'2aa r 



In 



a- 



2aa„ 



-1 



= €71.08917 



(13.583) 



10 The most convenient way to solve Eq. (13.583) is by the reiterative technique using a 

i 

computer. The result to within the round-off error with five-significant figures is 

> 

o = 1.62340a 0 = 8.59066 X 10"" m ' (13.584) 



Substitution of Eq. (13.584) into Eq. (13.60) gives 

c' = 1.04032fl 0 =5.50514X 10-" m 
1 5 The internuclear distance given by multiplying Eq. (1 3.585) by two is 

2c' = 2.08064o 0 = 1.10103 X 10" 10 m 
The experimental bond distance is [41] 

2c' = 1.087A r 10-'° m 
Substitution of Eqs. (13.584-13.585) into Eq. (13.62) gives 

20 b = c = 1 .24626o 0 = 6.59492 X 10"" m 

t 

Substitution of Eqs. (13.584-13.585) into Eq. (13.63) gives 
e = 0.64083 



(13.585) 



(13.586) 



(13.587) 



(13.588) 



(13.589) 

The nucleus of the H atom and the nucleus of the C atom comprise the foci of each H 2 - 
type ellipsoidal MO. The parameters of the point of intersection of each H 2 -type ellipsoidal 
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MO and the C2sp 3 HO in the absence of the other three are given by Eqs. (13.84-13.95), 
(13.261-13.270), (13.434-13.442), and (13.551-13.555). The polar intersection angle 6' is 
given by Eq. (13.261) where r„ = 0.91771a 0 is the radius of the C2sp 3 shell. 

Substitution of Eqs. (13.584-13.585) into Eq. (13.261) gives 
5 0' = 86.2O° (13 .5 90) 

Then, the angle 0 C2sp > HO the radial vector of the C2sp 3 HO makes with the internuclear axis 

is 

9 cW«o =180°-86.20 o = 93.80° (13.591) 
as shown in Figure 14. The angle 9 H ^ 0 between the internuclear axis and the point of 

■ 

10 intersection of each # 2 -type ellipsoidal MO with the C2sp 3 radial vector given by Eqs. 

(13.44243.443), (13.588), and (13.591) is 

^ B 47 -29° . (13.592) 

Then, the distance d HiMO along the internuclear axis from the origin of H 2 -type ellipsoidal 

MO to the point of intersection of the orbitals given by Eqs. (13.445), (13.584), and (13.592) 
15 is 

d H 2 Mo =U0121a 0 =5.82734 X 10~ u m (13.593) 
The distance d cl ^ m along the internuqlear axis from the origin of the C atom to the point 
of intersection of the orbitals given by Eqs. (13.447), (13.585), and (13.593) is 

d c^no = <>-06089a 0 = 3.22208 X 10" 12 m (13.594) 

20 The # 2 -type ellipsoidal MOs do not actually directly contact the C2sp 3 HO. As 

discussed in the Force Balance of H 2 0 section, with the addition of the fourth C-H bond, 
the H 2 -type ellipsoidal MOs may linearly combine to form a continuous two-dimensional 
surface of equipotential equivalent to that of the MOs if they did contact the C2sp* HO. 
However, Eqs. (13.579-13.580) must hold based on conservation of momentum and the 

25 potential, kinetic, and total energy relationships. In order that there is current continuity 
given the constraints of Eqs. (13.579-13.580), the existence of a self-contained, continuous- 
current, linear-combination of the i/ 2 -type ellipsoidal MOs requires that electrons are 
divisible between the combination i/ 2 -type MO and the C2sp 3 HO. This is not possible. 
Thus, at the points of intersection of the # 2 -type MOs of methane, symmetry, electron 
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indivisibility, current continuity, and conservation of energy and angular momentum require 
that the current between the C2sp 3 shell and points of mutual contact is projected onto and 
flows along the radial vector to the surface of C2sp 3 shell. This current designated the 
bisector current (BC) meets the C2sp 3 surface and does not travel to distances shorter than 
5 its radius. Moreover, an energy minimum is obtained when the H -atom charge-density of 
each C-H -bond MO is decreased by a factor of 0.25 with a corresponding 0.25 increase in 
that of the three other C - H -bond MOs. In this case, the angular momentum components of 
the transferred current mutually cancel. The geometry of the equivalent bonds is tetrahedral. 
The symmetry point group is T d . This geometry is equivalent to the indistinguishable bonds 
10 positioned uniformly on a spherical surface or also at the apexes of a cube. The predicted 

V 

angle 9 between the C - H bonds is 

0 = 109.5° (13.595) 
The experimental bond angle is [41] 

0 = 109.5° (13.596) 

15 The polar angle ^at which the if 2 -type ellipsoidal MOs intersect is given by the bisector of 
the angle 0 between the C - H bonds: 
. 109.5 ^ co 

= 54.75° (13.597) 

With the carbon nucleus defined as the origin and one of the C - H bonds defined as the 
positive x-axis, the polar-coordinate angle of the intersection occurs at 
20 = 54.75° + 180° = 234.57° (13.598) 

The polar radius r,at this angle is given by Eqs. (13.84-13.85): 

1 + — 

r f = (a-c') — ^ (13.599) 

1+— cos^ 1 
a 

Substitution of Eqs. (13.584-13.585) and (13.589) into Eq. (13.599) gives 

r { = 1.52223a 0 = 8.05530X 10" n m (13.600) 

25 Using the orbital composition of CH A (Eq. (13.579)), the radii of Cb = 0.171 13a 0 

* 

♦ 

(Eq. (10.51)) and C2sp 3 = 0.91771o 0 (Eq. (10.424)) shells, and the parameters of the CH 4 
MO given by Eqs. (13.3-13.4), (13.584-13.586), and (13.588-13.600), the charge-density of 
the Cff 4 MO comprising the linear combination of four C-H -bond MOs is shown in 
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Figure 18. Each C-H -bond MO having the dimensional diagram shown in Figure 14 
comprises a H 2 -type ellipsoidal MO and a C2sp 3 HO according to Eq. (13.579). But, based 
on the T d symmetry of the # 2 -type MOs, the charge is distributed 1:1 between the i/ 2 -type 
MOs and the C2sp 3 shell. 



ENERGIES OF CH A 

The energies of CH 4 are four times those of CH and are given by the substitution of the 
semiprincipal axes (Eqs. (13.584-13.585) and (13.588)) into the energy equations Eq. 
(13.580) and (Eqs. (13.449-13.452)) that are multiplied by four: 

10 k =4(0.91771)— 3£ ln a+ ^E^ =-145.86691 eV (13.601) 

' . } %xe Q 4ani a-4a 2 -b 2 



V = % = 52.31390 eV (13.602) 

" Sited a 2 -b 2 



x n 2 , a + -Ja 2 -b 2 
T = 4(0.91771) . „ In , ; 

V l 2m c a4a 2 -b 2 a-Ja^-b 



= 44.92637 eV (13.603) 

2 



V m =4(0.91771) ^L_ln^^2 = -22.46318 eV (13.604) 

Am e asa 2 -b o-vo -b 



4e 2 

E T {CH<) = 



(0.91771)12---^ 
! 2a) 



ln^-1 
a-c' 



-14.63489 eV = -85.72472 eV 



15 ; (13.605) 
where E T (CH 4 ) is given by Eq. (13.580) which is reiteratively matched to Eq. (13.581) 
within five-significant-figure round-off error. 



VIBRATION OF C# 4 
20 The vibrational energy levels of CH A may be solved as four equivalent coupled harmonic 
oscillators by developing the Lagrangian, the differential equation of motion, and the 
eigenvalue solutions [2] wherein the spring constants are derived from the central forces as 
given in the Vibration of Hydrogen-Type Molecular Ions section and the Vibration of 
Hydrogen-Type Molecules section. 

25 
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THE DOPPLER ENERGY TERMS OF l2 CH 4 

The reentrant oscillation of hybridized orbitals in the transition state is not coupled. 
Therefore, the equations of the radiation reaction force of methane are the same as those of 
OH, CH, CH 2 , and CH % with the substitution of the methane parameters. Using Eqs. 
5 (11.136) and (13.140-13.142), the angular frequency of the reentrant oscillation in the 
transition state is 



co = 



0.75e : 



1( i^o*L . 2 57338 x 10 " rad/s (13.606) 

where b is given by Eq. (13.588). The kinetic energy, E K , is given by Planck's equation 
(Eq.(lL127)): 

10 E K = ho = H2.57338X 10" rad/s = \6.93meV (13.607) 

In Eq. (11.181), substitution of E T (H 2 ) (Eqs. (11.212) and (13.75)), the maximum total 
energy of each H 2 -type MO, for , the mass of the electron, m t , for M , and the kinetic 
energy given by Eq. (13.607) for E K gives the Doppler energy of the elections of each of the 
four bonds for the reentrant orbit: 



15 Ed 3 J% - -31.63537 eV H"" 38 , 41 <H = -0.25758 eV (13.608) 

\Mc y m e c 

In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. The decrease in the energy of CH 4 due to 
the reentrant orbit of each bond in the transition state corresponding to simple harmonic 
oscillation of the electrons and nuclei, E osc9 is given by the sum of the corresponding 

20 energies, E D given by Eq. (13.608) and E Kvib , the average kinetic energy of vibration which 
is 1/2 of the vibrational energy of each C-H bond. Using co e given by Eq. (13.458) for 
E Kvib of the transition state having four independent bonds, E^^CH^) per bond is 

E ( n CH> ) = E D + E KM =E D+ \h^ (1 3.609) 

£' (w ( 12 C// 4 ) = -0.25758eF+-(0.35532eF) = -0.07992gF (13.610) 
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The reentrant orbit for the binding of a hydrogen atom to a CH S radical involves four C - H 
bonds. Since the vibration and reentrant oscillation is along four bonds, E osc for l2 CZf 4 , 

f 0 4 i2 cH 4 ),i S: 



E m (»CH<) = 4\E D +\hE 



= 4| -0.25758 eF+|(0.35532 eV) 



J 



(13.611) 



= -0.31967 eV 



TOTAL AND BOND ENERGIES OF n CH 4 

e t*osc ( X2 CH 4 ) , the total energy of the n CH 4 radical including the Doppler term, is given by 
the sum of E T (CH 4 ) (Eq. (13.582)) and E m ( 12 CH A ) given by Eq. (13.611): 



Et*. ( CH 4 ) = V e + T + V m + V p + E ( C, 2sp 3 ) + E m ( n CH 4 ) 



= £ r (Ci/ 4 ) + £ 0 „( ,2 CF 4 ) 



(13.612) 



^TW ( 1IC ^4 ) 



-4e 2 
^8*r<e 0 c' 



(0.9177l)[2-~-^jta^-l 



\ 



-14.63489 



10 



-4 (31.63536831 




3 e 2 



2 ^,44^ 3 



= -85.72406 eV- 4 



0.25758 eF 



2^ 



(13.613) 

From Eqs. (13.609-13.613), the total energy of n CH 4 is 
Et+osc ( U CH 4 ) = -85.72406 eV + E m ( 12 C// 4 ) 



= -85.72406 -4^0.25758 eK-|(0.35532 eF^ 



(13.614) 



= -86.04373 eV 



where <y, given by Eq. (13.458) was used for the H \— term. 
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The CH A bond dissociation energy, E D ( 12 CH t ), is given by the sum of the total 
energies of the CH 3 radical and the hydrogen atom minus E T+ose ( l2 CH A J : 

E^CH^E^CHj+EW-Er^CHt) (13.615) 
where E T { n CH 3 ) is given by the sum of the energies of the C2sp* HO, E[C,2sp % ) given 
5 by Eq. (13.428), 3E D (H) given by Eq. (13.154), and the negative of the bond energies of 
l2 CH given by Eq. (13.489), n CH 2 given by Eq. (13.528), and l2 CH 3 given by Eq. (13.573): 



E( n CH 3 ) = 



'3(-13.59844e* r )-14.63489eF > 
^-3.47 eF-4.33064 eK-4.72444 eV 



= -67.95529 eV (13.616) 



Thus, the n CH A bond dissociation energy, E D ( 12 CH 4 ), given by Eqs. (13.154), and (13.614- 
13.616) is 

E D ( 12 CH 4 ) = -(67.95529 eF+13.59844 eV)-E T ^ 2 CH A ) 

10 =-81.55373 eV -(-86.04373 eV) (13.617) 

= 4.4900 eV 

The experimental l2 CH 4 bond dissociation energy is [40] 

E D ( n CH 4 ) = 4.48464 eV (13.618) 



The results of the determination of bond parameters of CH 4 are given in Table 13.1. 

15 The calculated results are based on first principles and given in closed-form, exact equations 
containing fundamental constants only. The agreement between the experimental and 
calculated results is excellent. 

NITROGEN MOLECULE 

20 The nitrogen molecule can be formed by the reaction of two nitrogen atoms: 

N+N^N 2 (13.619) 

The bond in the nitrogen molecule comprises a H 2 -type molecular orbital (MO) with two 

paired electrons. The force balance equation and radius r 7 of the 2p shell of N is derived 

in the Seven-Electron Atoms section. With the formation of the H 2 -typt MO by the 

25 contribution of a 2p electron from each N atom, a diamagnetic force arises between the 
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remaining 2p electrons and the # 2 -type MO. This force from each N causes the if 2 -type 
MO to move to greater principal axes than would result with the Coulombic force alone. But, 
the integer increase of the central field and the resulting increased Coulombic as well as 
magnetic central forces on the remaining 2p electrons of each N decrease the radius of the 
5 corresponding shell such that the energy minimum is achieved that is lower than that of the 
reactant atoms. The resulting electron configuration of N 2 is ls x ls 2 2s } 2s 2 2p x 2p 2 a X2 where 
the subscript designates the N atom, 1 or 2, cr designates the # 2 -type MO, and the orbital 
arrangement is 



a state 

n 



2p state 



n 

0 



n 

0 



10 



(13.620) 



2s state 



n 



Is state 



m 



N2 



Nitrogen is predicted to be diamagnetic in agreement with observations [42]. 

FORCE BALANCE OF THE 2p SHELL OF THE NITROGEN ATOMS OF 

15 THE NITROGEN MOLECULE 

For each N atom, force balance for the outermost 2p electron of N 2 (electron 6) is 
achieved between the centrifugal force and the Coulombic and magnetic forces that arise due 
to interactions between electron 6 and the other 2p -shell as well as the 2s -shell electrons 
due to spin and orbital angular momentum. The forces used are derived in the Seven- 

20 Electron Atoms section. The central Coulomb force on the outer-most 2p shell electron of 
N 2 (electron 6) due to the nucleus and the inner five electrons is given by Eq. (10.70) with 
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the appropriate charge and radius: 

(Z-5)e 2 

¥ °"-^f 1 ' ( 13 - 62 D 

for r>r s . The 2p shell possess an external electric field given by Eq. (10.92) for r>r 6 . 
The energy is minimized with conservation of angular momentum. This condition is met 
5 when the diamagnetic force, V dlama&atlc , of Eq. (10.82) due to the p -orbital contribution is the 
same as that of the reactant nitrogen atoms given by Eq. (10.136) with r 6 replacing r 7 : 

And > F »flg 2 corresponding to the conserved orbital angular momentum of the three orbitals is 
given by Eq. (10.89): 

10 v * ag i = - —j- yjs(s + l)i r (13.623) 

^ m e t 6 r 3 

The electric field external to the 2p shell given by Eq. (10.92) for r > r 6 gives rise to 
a second diamagnetic force, 'F diaaagmllc 2 , given by Eq. (10.93). 2 due to the binding 

of the p-orbital electron having an electric field of +1 outside of its radius is: 

^anasnrtc 2 = " ^~ T 1 ~~ "^fl 0^(^ + 1)1, (1 3.624) 

L^-5J^ I )m e r 6 

15 In addition, the contribution of a 2p electron from each N atom in the formation of 

the a MO gives rise to a paramagnetic force on the remaining two 2p electrons that pair. 
The force, ¥ mog39 follows from Eq. (10.11) wherein the two radii are equal to r 6 and the 
direction is positive, central: 

F ^3=^jV^ +1 ) i r (13.625) 

e 6 

20 F «w3 is present in additional diatomic molecules where its contribution minimizes the 
energy. This AO spin-pairing force reduces the radius directly to reduce the energy, and it 
can also cancel the contribution of the corresponding electron to to further reduce 

the energy. 

The radius of the 2p shell is calculated by equating the outward centrifugal force to 
25 the sum of the electric (Eq. (13.621)) and diamagnetic (Eqs. (13.622) and (13.624)), and 
paramagnetic (Eqs. (13.623) and (13.625)) forces as follows: 
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12m.r 4 2 r, 
1-— 



•/y(7+l) + 



Z»i/ 6 r 3 



v 



^ 10^/^1) +t^-tV^ +1 ) 



'6 



4m e r 6 



(13.626) 



Substitution of = 



h (Eq. (1.56)) and s = ^ into Eq. (13.626) gives: 



mS 6 



3 4ffj e r 6 3 M 4 




(Z-5)e : 



3fr 



4*V6 l^r/r, 1 4 Zm a r 6 2 r 3 V4 LZ-5. 



Z-6 



1- 



r ^-10 




3 

4 



(13.627) 



5 The quadratic equation corresponding to Eq. (13.627) is 



r 



m. 



1 



S\ 



r 6 ~7 



8 



J 



{Z-S)e 2 ( 1 3"\ ft 
(l2 Z 



4/ra, 



m e r 3 y 4 




h 2 


S3) 






3 


( (Z-5)e 2 J 
4^£ 0 I 


'1 3^ 
.12 Zj 


n 2 

m t r 3 \ 


9 



= 0 



(13.628) 



The solution of Eq. (13.628) using the quadratic formula is: 



8 



\ 



1 3^ 

3, 



±0, 



1- 



8 



(Z-5)- 



20^3 



,12 Zj2r 3/y 



Z-5 



1- 



72 



(13.629) 



(Z-5)- 



r i 



\ 



U2 Z;2r 3 J 



V3 



»6 = 



r. in units of a 0 



10 The positive root of Eq. (13.629) must be taken in order that r 6 >0. Substitution of 
= 0.69385 (Eq. (10.62) with Z - 1 ) into Eq. (13.629) gives 



Or 



r 6 = 0.78402a c 



(13.630) 
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ENERGIES OF THE 2p SHELL OF THE NITROGEN ATOMS OF THE 
NITROGEN MOLECULE 

The central forces on the 2p shell of each N are increased with the formation of the a MO, 
which reduces the shell's radius and increases its total energy. The Coulombic energy terms 
5 of the total energy of the two N atoms at the new radius are calculated and added to the 
energy of the a MO to give the total energy of N 2 . Then, the bond energy is determined 

from the total N 2 energy. 

The radius r 7 of each nitrogen atom before bonding is given by Eq. (10.142): 
r 7 =0.93084a 0 (13.631) 
10 Using the initial radius r 7 of each N atom and the final radius r 6 of the N2p shell of N 2 
(Eq. (13.630)) and by considering that the central Coulombic field decreases by an integer for 
each successive electron of the shell, the sum E T (N 2 ,2p) of the Coulombic energy change 
of the N2p electrons of both atoms is determined using Eq. (10.102): 



( \ 1^ 



n=4 o/< *0 



\ r 6 r n J 



= -2(13.60580 eF)(0.20118)(2+3) (13.632) 
= -27.37174 eV 

15 

FORCE BALANCE OF THE a MO OF THE NITROGEN MOLECULE 
The 2p shell gives rise to two diamagnetic forces on the <r MO. As given for the hydrogen 
molecule in the Hydrogen-Type Molecules section, the cr MO comprises two electrons, tr 
electron 1 and a electron 2, that are bound at £ = 0 as a equipotential prolate spheroidal MO 

20 by the central Coulombic field due to the nitrogen atoms at the foci and the spin pairing force 
on a electron 2 due to a electron 1 that initially has smaller semiprincipal axes. The spin- 
pairing force given in Eq. (1 1 .200) is equal to one half the centrifugal force of the two 
electrons. The spin-pairing electron of the a MO is also repelled by the remaining 2p 
electrons of each N according to Lenz law, and the force is based on the total number of 

25 these electrons n m that interact with the binding <r-MO electron. This diamagnetic force 
v t „ m is of the same form as the molecular spin-pairing force but in the opposite 

ajarnagneticMUI 

direction. The force follows from the derivations of Eqs. (10.219) and (11.200) which gives: 
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F tMm = n <\ - Di, (13.633) 

In addition, there is a relativistically corrected Lorentzian force V tBampulbM02 on the pairing 
electron of the a MO that follows from Eqs. (7.15) and (11.200): 

^diamagmllcMOl = ^ 2»I a V ^ (13.634) 



5 where |l| is the magnitude of the angular momentum of each N atom at a focus that is the 

source of the diamagnetism at the cr -MO. 

The force balance equation for the a -MO of the nitrogen molecule given by Eq. 

(1 1.200) and Eqs, (13.633-13.634) with n e = 2 and |l| = h is 



ft* e 2 „ h 



D= ,, D + - rrD- 



m e a 2 b 2 %7ie Q ab 2 2m e a 2 b 2 



1+— 



2 



Z J 2m t a 2 b z 



D (13.635) 



10 -K^D = -^D-±—^jD (13.636) 

m e a 2 b 2 %m^ab 2 . Z2m e cfb 2 



n n 2 _ e 2 



D= * D (13.637) 



2m e a 2 b 2 %ne Q ab 



a = 



1 



2+ 



o 0 (13.638) 



Substitution of Z = 7 into Eq. (13.638) gives 

a = 2.14286a 0 =1.13395 X lO -10 m (13.639) 
15 Substitution ofEq. (13.639) into Eq. (11.79) is 

c' = 1.03510a 0 = 5.47750 X 10"" m (13.640) 
The internuclear distance given by multiplying Eq. (13.640) by two is 

2c' = 2.07020a 0 = 1 .09550 X 10 -10 m (13.641) 
The experimental bond distance from Ref. [28] and Ref. [43] is 

20 2c' = 1 .09769 X 1 0~" in (13.642) 

2c' = 1.094X10- ,0 w (13.643) 
Substitution of Eqs. (1 3.639-1 3 .640) into Eq. (1 1 .80) is 



b = c = 1.87628a n = 9.92882 X 10' 11 m (13.644) 



Substitution of Eqs. (13.639-13.640) into Eq. (11.67) is 
25 e = 0.48305 (13.645) 
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Using the electron configuration of N 2 (Eq. (13.620)), the radii of the N\s = 0.14605a 0 (Eq. 
(10.51)), N2s = 0.69385<z 0 (Eq. (10.62)), and N2p = 0.78402a 0 (Eq. (13.630)) shells and the 
parameters of the a MO of N 2 given by Eqs. (13.3-13.4), (13.639-13.641), and (13.644- 
13.645), the dimensional diagram and charge-density of the N 2 MO are shown in Figures 19 

5 and 20, respectively. 

Despite the predictions of standard quantum mechanics that preclude the imaging of a 
molecular orbital, the full three-dimensional structure of the outer molecular orbital of N 2 
has been recently tomographically reconstructed [44]. The charge-density surface observed 
is consistent with that shown in Figure 20. This result constitutes direct evidence that 

10 electrons are not point-particle probability waves that have no form until they are "collapsed 
to a point" by measurement Rather they are physical, two-dimensional equipotential charge 
density surfaces. 

SUM OF THE ENERGIES OF THE <r MO AND THE AOs OF THE 
15 NITROGEN MOLECULE 

The energies of the N 2 a MO are given by the substitution of the semiprincipal axes (Eqs. 
(13.639-13.640) and (13.644)) into the energy equations (Eqs. (11.207-11.212)) of H 2 : 



v= ^£L ==ln ^^2 = -27.70586 eV (13.646) 

' %ne^<?-b 2 a-yla 2 -b 2 

V = C = 13.14446 eV (13.647) 

" %7ieja 2 -b 2 



20 T % ln ^£=£ = 6.46470 eV (13.648) 

2ro e Wa 2 -& 2 a-yja 2 -b 2 



v = ^_ m £±^£HE = -3.23235 eV (13.649) 

" 4/» < W7=i 2 a-JT-b 2 

E r =V e +T + V m +V p (13.650) 
Substitution of Eqs. (11.79) and (13.646-13.649) into Eq. (13.650) gives 



-e 2 

E r \N 2 ,cr) = 




aa 0 



( I ^ 

I 2a) ^ 



= -11.32906 eV (13.651) 
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where E T [N 2> <y) is the total energy of the a MO of N 2 . The sum, E T {N 2 ) > of 

E T (N 2 ,2p), the 2p (AO) contribution given by Eq. (13.632), and E T (N 2> <r), the <r MO 
contribution given by Eq. (13.651) is: 

E r (N 2 ) = E T (N 2 ,2p)+E T (N 2> <r) 

= -27.37174eF-11.32906eF (13.652) 
= -38.70080 eV 



VIBRATION OF N 2 

> 

The vibrational energy levels of N 2 may be solved by determining the Morse potential curve 

* 

from the energy relationships for the transition from two N atoms whose parameters are 
given by Eqs. (10.134-10.143) to the two N atoms whose parameter r 6 is given by Eq. 

10 (13.630) and the a MO whose parameters are given by Eqs. (13,639-13.641) and (13.644- 
13.645). As shown in the Vibration of Hydrogen-type Molecular Ions section, the harmonic 
oscillator potential energy function can be expanded about the internuclear distance and 
expressed as a Maclaurin series corresponding to a Morse potential after Karplus and Porter 
(K&P) [15] and after Eq. (11.134). Treating the Maclaurin series terms as anharmonic 

1 5 perturbation terms of the harmonic states, the energy corrections can be found by perturbation 
methods. 



THE DOPPLER ENERGY TERMS OF THE NITROGEN MOLECULE 

The equations of the radiation reaction force of nitrogen are the same as those of H? with the 

20 substitution of the nitrogen parameters. Using Eqs. (11.231-1 1.233), the angular frequency 
of the reentrant oscillation in the transition state is 



e 2 



a> = \ 2— =1.31794 XIO 16 radls 



(13.653) 



where a is given by Eq. (13.639). The kinetic energy, E K , is given by Planck's equation 
(Eq. (11.127)): 

25 E K =ho) = M.31794 X 10 16 radls = 8.67490 eV (13.654) 
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In Eq. (1 1 . 1 8 1), substitution of E T (N 2 ) for , the mass of the electron, m e , for M , and the 

kinetic energy given by Eq. (13.654) for E K gives the Doppler energy of the electrons of the 
reentrant orbit: 



E 0 S =-38.70080 e yf^^l . -0.22550 e V (,3.«5 5 ) 

5 In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. The decrease in the energy of the N 2 MO 
due to the reentrant orbit in the transition state corresponding to simple harmonic oscillation 
of the electrons and nuclei, E mc , is given by the sum of the corresponding energies, E D given 

by Eq. (13.655) and E Kvtb , the average kinetic energy of vibration which is 1/2 of the 

10 vibrational energy. Using the experimental N 2 <o e of 2358.57 cm" 1 (0.29243 eV) [28] for 

E Kvib of the transition state, E^N^ is 

Ease {N 2 ) = E D + E Kvib =E D +U^- (13.656) 
Kc (^2 ) = -0.22550 eV +^(0.29243 eV) = -0.07929 eV (13.657) 



15 TOTAL AND BOND ENERGIES OF THE NITROGEN MOLECULE 

* 

e t+osc{ N 2}> ^ total energy of N 2 including the Doppler term, is given by the sum of 
E T (N 2 ) (Eq. (13.652)) and E QSC (N 2 ) given by Eq. (13.657): . 

{N^V^T^V^EriN.ap^E^N,) 

= E T {N 2 ,a)+E T (N^+E^ (N 2 ) (13.658) 
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(13.659) 



= -38.70080 -0.22550 eP+-ftJ- 

2 \/i 

From Eqs. (13.656-13.659), the total energy of the N 2 MO is 
*tw = "38.70080 «F + f « (tf 2 ) 

= -38.70080 <?7 - 0.22550 eV +-^(0.29243 eF) 



(13.660) 



= -38.78009 eV 



k 



(13.661) 



(13.662) 



where the experimental a> e was used for the ft J— • term. 

5 The N 2 bond dissociation energy, E D (N 2 ), is given by the difference in the total 

energies of the two N atoms and E T+asc (N 2 ) : 
E D {N 2 ) = 2E{N)-E T+osc (N 2 ) 

where the energy of a nitrogen atom is [6] 
E(N) = -14.53414 eV 

10 Thus, the N 2 bond dissociation energy, E D (N 2 ) , given by Eqs. (13.660-13.662) is 

Ed (#2) = -2(14.53414 eV)-E T ^ (N 2 ) 

= -29.06828 eV- (-38.78009 eV) 
= 9.71181 eV 

The experimental N 2 bond dissociation energy from Ref. [43] and Ref. [45] is 

E D (N 2 ) = 9.756 eV (13.664) 
E D {N 2 ) = 9.764 eV (13.665) 
15 The results of the determination of bond parameters of N 2 are given in Table 13.1. The 
calculated results are based on first principles and given in closed-form, exact equations 



(13.663) 
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containing fundamental constants only. The agreement between the experimental and 
calculated results is excellent. 

OXYGEN MOLECULE 

5 The oxygen molecule can be formed by the reaction of two oxygen atoms: 

O+O ~>0 2 (13.666) 

The bond in the oxygen molecule comprises a # 2 -type molecular orbital (MO) with two 

paired electrons. The force balance equation and radius r 8 of the 2p shell of O is derived in 

the Eight-Electron Atoms section. With the formation of the if 2 -type MO by the 

10 contribution of a 2p electron from each O atom, a diamagnetic force arises between the 
remaining 2p electrons and the # 2 -type MO. This force from each O causes the # 2 -type 
MO to move to greater principal axes than would result with the Coulombic force alone. But, 
the integer increase of the central field and the resulting increased Coulombic as well as 
magnetic central forces on the remaining 2p electrons of each O decrease the radius of the 

15 corresponding shell such that the energy minimum is achieved that is lower than that of the 
reactant atoms. The resulting electron configuration of 0 2 is Ist\sl2st2s\2p\2p 2 a xa where 
the subscript designates the O atom, 1 or 2, a designates the # 2 -type MO, and the orbital 
arrangement is 

<r state 

n 

■ 

2p state 

U J_ _U_ _1_ 

0 1 0 1 

20 < 13 - 667 ) 

2s state 

n n 

Is state 

n n 

01 02 
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Oxygen is predicted to be paramagnetic in agreement with observations [42]. 



FORCE BALANCE OF THE 2p SHELL OF THE OXYGEN ATOMS OF 
THE OXYGEN MOLECULE 
5 For each O atom, force balance for the outermost 2p electron of 0 2 (electron 7) is achieved 
between the centrifugal force and the Coulombic and magnetic forces that arise due to 
interactions between electron 7 and the other 2p -shell as well as the 2s -shell electrons due 
to spin and orbital angular momentum. The forces used are derived in the Eight-Electron 
Atoms section. The central Coulomb force on the outer-most 2p shell electron of O. 

10 (electron 7) due to the nucleus and the inner six electrons is given by Eq. (10.70) with the 
appropriate charge and radius: 

for r>r 6 . The 2p shell possess an external electric field given by Eq. (10.92) for r>r 7 . 
The energy is minimized with conservation of angular momentum. This condition is met 
15 when the magnetic forces are the same as those of the reactant oxygen atoms with r 7 
replacing r 8 . The diamagnetic force, "F aamagneUc , of Eq. (10.82) due to the p -orbital 
contributions is given by Eq. (1 0. 1 56): 



2 



F 

diamagnetic 



r \ ,2~\ h 2 rr-z. 3ft 2 /3. 

V*(*+l)i r = -- — J-i r (13.669) 



-+— 



\3 3J4m e r;rs r 12m e r?r 3 V 4 

F ma* 2 corresponding to the conserved spin and orbital angular momentum given by Eq. 
20 (10.157) is 

F «**2 = ~— ; 5-V^+l)i r (13.670) 

The electric field external to the 2p shell given by Eq. (10.92) for r > r 7 gives rise to 
a second diamagnetic force, ¥ diamagtjettc 2 , given by Eq. (10.93). 2 due to the binding 

of the p-orbital electron having an electric field of +1 outside of its radius is : 



25 F 

* diamagnetic 1 



Z-7 
Z-6 



-1/ rz\ 



1-* 

2 



r 3 ft 



1 



■10V*(* + l)i r (13.671) 



The radius of the 2/> shell is calculated by equating the outward centrifugal force to 
the sum of the electric (Eq. (13.688)) and diamagnetic (Eqs. (13.669) and (13.671)), and 
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paramagnetic (Eq. (13.670)) forces as follows: 
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(13.672) 



Substitution of v 7 = (Eq. (1.56)) and s = ]■ into Eq. (13.672) gives: 
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(13.673) 



The quadratic equation corresponding to Eq. (13.673) is 
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(13.674) 



la , 

The solution of Eq. (13.674) using the quadratic formula is: 



a* 



10 



V ' 1 12 Zj2r, 



±a. 
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(13.675) 



(Z -6)-\—-~)Jl 
1 '.12 Zj2r, 



*7 = 



r, in units of a 0 



The positive root of Eq. (13.675) must be taken in order that r 7 >0. Substitution of 



= 0.59020 (Eq. (10.62) with Z = 8) into Eq. (13.675) gives 



a. 



r 7 =0.91088a 0 



(13.676) 



THE iv SHELL OF THE OXYGEN ATOMS OF THE 
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OXYGEN MOLECULE 



The central forces on the 2p shell of each O are increased with the formation of the a MO, 
which reduces the shell's radius and increases its total energy. The Coulombic energy terms 
of the total energy of the two O atoms at the new radius are calculated and added to the 
5 energy of the a MO to give the total energy of 0 2 . Then, the bond energy is determined 
from the total 0 2 energy. 

The radius r 8 of each oxygen atom before bonding is given by Eq. (10.162): 



(13.677) 



Using the initial radius r 8 of each O atom and the final radius r 7 of the 02p shell of 0 2 
10 (Eq. (13..676)) and by considering that the central Coulombic field decreases by an integer for 
each successive electron of the shell, the sum E T [0 2 ,2p) of the Coulombic energy change 
of the Olp electrons of both, atoms is determined using Eq. (10.102): 



£ r (0 2 ,2p) = -2j 



n=4 



1 1 



\ 



-2(13.60580 eF)(0.09784)(2+3+-4) 
-23.96074 eV 



(13.678) 



15 FORCE BALANCE OF THE a MO OF THE OXYGEN MOLECULE 

The force balance equation for the a -MO of the oxygen molecule given by Eq. (1 1.200) and 

Eqs. (13.633-13.634) with n e =2 and |i| = A /|fi is 



2t 2 

m t a b 



D = 



%7ts 0 ab 2 



2m e a 2 b 2 



D- 




3 

-+ 
2 Z 



3 
4 



D 



fr e 2 

£> = — - — tD- 



2l 2 



m e a £ b 



8?re 0 ab' 



I + V4 




2 Z 



2m.a 2 b 2 



D 



(13.679) 



(13.680) 



20 



5 + V4 




2 Z 



J 



h 2 e 2 

D= . D 



2t 2 



2m e a z b 



i7ts 0 ab 2 



(13.681) 
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I — 
2 Z 



(13.682) 



(13.684) 



Substitution of Z = 8 into Eq. (13.682) gives 

a = 2.60825a 0 = 1.38023 X lO" 10 m (13.683) 
Substitution of Eq. (1 3 .683) into Eq. (1 1 .79) is 
5 c' = 1.14198o 0 =6.043 12 X 10"" m 

The internuclear distance given by multiplying Eq. (13.684) by two is 

2c' = 2.28397fl 0 = 1.20862 X 10" 10 m (13.685) 

i 

The experimental bond distance is [28] 

2c' = l,20752^10- ,0 m (13 . 686) 
10 Substitution of Eqs. (13.683-13.684) into Eq. (1 1.80) is 

b = c = 2.34496a 0 = 1.24090 X 10" 10 m (13.687) 

Substitution of Eqs. (13.683-13.684) into Eq. (11.67) is 

* = °- 4 3783 (13 . 688) 

Using the electron configuration of 0 1 (Eq. (13.667)), the radii of the Ols = 0.12739a 0 (Eq. 
15 (10.51)), O2j = 0.59020a 0 (Eq. (10.62)), and Olp = 0.91088a o (Eq. (13.676)) shells and the 
parameters of the a MO of 0 2 given by Eqs. (13.3-13.4), (13.683-13.685), and (13.687- 
13.688), the dimensional diagram and charge-density of the 0 2 MO are shown in Figures 21 
and 22, respectively. 

20 SUM OF THE ENERGIES OF THE a MO AND THE AOs OF THE 
OXYGEN MOLECULE 

The energies of the 0 2 a MO are given by the substitution of the semiprincipal axes (Eqs. 
(13.683-13.684) and (13.687)) into the energy equations (Eqs. (11.207-1 1.212)) of H 2 : 

-2e 2 , a+yja 2 -b 2 „ 
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r= 



2m e aja*-b 2 a-y/a 2 -b 2 



. a+vo 2 — b 1 
In , ° ■ 4.28968 



(13.691) 



K = 



-ft 2 



, a + Ja 2 -b 2 

In V = = -2.14484 eF 



4m e ayla 2 -b 2 a-yla 2 -b 2 
E T = V e +T+V m +V p 
Substitution of Eqs. (11.79) and (13.689-13.692) into Eq. (13.693) gives 



(13.692) 



(13.693) 



2 a 



o + 



\ 



>aa 0 



-1 



= -8.31814 



(13.694) 



where (0 2 , <x) is the total energy of the <r MO of 0 2 . The sum, E T (0 2 ),of E T (0 2> 2p), 

the 2/7 AO contribution given by Eq. (13.678), and E T (0 2 ,o-), the a MO contribution given 
byEq. (13.694) is: 

E T {0 2 ) = E T (0 2> 2p) + E T (0 2 ,a) 

= -23.96074 <?F-8.31814eF (13.695) 
= -32.27888 eV 



10 



VIBRATION OF 0 2 

The vibrational energy levels of 0 2 may be solved by detennining the Morse potential curve 
from the energy relationships for the transition from two O atoms whose parameters are 
given by Eqs. (10.154-10.163) to the two O atoms whose parameter r 7 is given by Eq. 

15 (13.676) and the <j MO whose parameters are given by Eqs. (13.683-13.685) and (13.687- 
13.688). As shown in the Vibration of Hydrogen-type Molecular Ions section, the harmonic 
oscillator potential energy function can be expanded about the internuclear distance and 
expressed as a Maclaurin series corresponding to a Morse potential after Karplus and Porter 
(K&P) [15] and after Eq. (11.134). Treating the Maclaurin series terms as anharmonic 

20 perturbation terms of the harmonic states, the energy corrections can be found by perturbation 
methods. 
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THE DOPPLER ENERGY TERMS OF THE OXYGEN MOLECULE 

The equations of the radiation reaction force of oxygen are the same as those of H 2 with the 

substitution of the oxygen parameters. Using Eqs. (1 1.231-1 1.233), the angular frequency of 
the reentrant oscillation in the transition state is 



co = 



e 2 



Aljtq ftp 

\j— ^— =9.81432* 10 16 rod Is (13.696) 



where a is given by Eq. (13.683). The kinetic energy, E K> is given by Planck's equation 
(Eq. (11.127)): 

E K =ha> = £9.81432 X 10" radls = 6.45996 eV (13.697) 

■ m 

In Eq. (1 1 . 1 8 1), substitution of E T [0 2 ) for , the mass of the electron, m e , for M , and the 

10 kinetic energy given by Eq. (13.697) for E K gives the Doppler energy of the electrons of the 
reentrant orbit: 



1 t * 

In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. The decrease in the energy of the 0 2 MO 
15 due to the reentrant orbit in the transition state corresponding to simple harmonic oscillation 
of the electrons and nuclei, E w , is given by the sum of the corresponding energies, E D given 

by Eq. (13.698) and i w , the average kinetic energy of vibration which is 1/2 of the 

* 

vibrational energy. Using the experimental 0 2 a>„ of 1580.19 cm" 1 (0.19592 eV) [28] for 
E Kvib of the transition state, [0 2 ) is 

20 EosA0 2 ) = E D+ E K „ b =E D +ln^ (13.699) 

^«(O 2 ) = -0.16231 eF+i(0.19592eK) = -0.06435eF ' (13.700) 



TOTAL AND BOND ENERGIES OF THE OXYGEN MOLECULE 
e t+<kc[0 2 ), the total energy of O z including the Doppler term, is given by the sum of 
25 E T {0 2 ) (Eq. (13.695)) and E osc {0 2 ) given by Eq. (13.700): 
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E T ,osc(0 2 ) = K + T+V a + V p+ E T (0 2 ,2p) + E osc (0 2 ) 
= M°z>*)+ E T(°*> 2 P) + E aK (a 1 ) 
= E T (0 1 )+E iae (O l ) 



(13.701) 



- e 



\ 



V 



(Z-w)e : 



n=4 



1 1 



n 







' AitE 0 <r 




»S J 



2 



(13.702) 



= -32.27888 eF-0.16231 /A 

2 V/i 

From Eqs. (13.699-13.702), the total energy of the 0 2 MO is 



£ r+0 « (0 2 ) = -32.27888 + E ax (0 2 ) 



1 



= -32.27888 e V - 0. 1 623 1 e V + - (0. 1 9592 eV) 
= -32.34323 eV 



(13.703) 



5 where the experimental co e was used for the h j— term. 

± 

* * < 

The 0 2 bond dissociation energy, E D (0 2 ), is given by the difference in the total 
energies of the two O atoms and E T+ose (0 2 ): 
E D (0 2 ) = 2E{0)-E T+OSC (0 2 ) 

^ 

where the energy of an oxygen atom is [6] 
10 E(0) = -13.61806 eV 



(13.704) 



(13.705) 



Thus, the 0 2 bond dissociation energy, E D (0 2 ) , given by Eqs. (13.703-13.705) is 

E D {0 2 ) = -2{n.6m6eV)-E T ^{0 2 ) 

= -27.23612 eV -(-32.34323 eV) 
= 5.10711 eV 

The experimental 0 2 bond dissociation energy from Ref. [46] and Ref. [47] is 
e d (0 2 ) = 5.1 1665 eV 
15 E D {0 2 ) = 5.1 16696 eV 



(13.706) 



(13.707) 
(13.708) 
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The results of the determination of bond parameters of 0 2 are given in Table 13.1. The 

calculated results are based on first principles and given in closed-form, exact equations 
containing fundamental constants only. The agreement between the experimental and 
calculated results is excellent 

5 

FLUORINE MOLECULE 

The fluorine molecule can be formed by the reaction of two fluorine atoms: 

F + F-+F 2 (13.709) 

The bond in the fluorine molecule comprises a H 2 -type molecular orbital (MO) with two 

10 paired electrons. The force balance equation and radius r 9 of the 2p shell of F is derived in 

the Nine-Electron Atoms section. With the formation of the # 2 -type MO by the contribution 

• ■ . < • 

of a 2p electron from each F atom, a diamagnetic force arises between the remaining 2p 
electrons and the # 2 -type MO. This force from each F causes the #2 -type MO to move to 
greater principal axes than would result with the Coulombic force alone. But, the integer 
15 increase of the central field and the resulting increased Coulombic as well as magnetic central 

■ 

forces on the remaining 2p electrons of each F decrease the radius of the corresponding 
shell such that the energy minimum is achieved that is lower than that of the reactant atoms. 

■ 

The resulting electron configuration of F 2 is Is^\sl2sf2sl2p*2plcr^ where the subscript 
designates the F atom, 1 or 2, a designates the # 2 -type MO, and the orbital arrangement is 

20 

a state 

n 

2p state 

n n n _u_ 

0 1 0 1 



(13.710) 



2s state 

n n 



Is state 

n , _n 

Fl F2 
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Fluorine is predicted to be diamagnetic in agreement with observations [42]. 

FORCE BALANCE OF THE 2p SHELL OF THE FLUORINE ATOMS OF 
5 THE FLUORINE MOLECULE 

For each F atom, force balance for the outermost 2p electron of F 2 (electron 8) is achieved 
between the centrifugal force and the Coulombic and magnetic forces that arise due to 
interactions between electron 8 and the other 2p -shell as well as the 2s -shell electrons due 
to spin and orbital angular momentum. The forces used are derived in the Nine-Electron 
10 Atoms section. The central Coulomb force on the outer-most 2p shell electron of F. 

(electron 8) due to the nucleus and the inner seven electrons is given by Eq. (10.70) with the 
appropriate charge and radius: 

_ (Z-V 

F <"-i^T' ( 13 - 711 > 

for r > r 7 . The 2p shell possess an external electric field given by Eq. (10.92) for r > r 8 . 
15 The energy is minimized with conservation of angular momentum. This condition is met 
when the diamagnetic force, F diQmagnettc , of Eq. (10.82) due to the p -orbital contributions is the 

same as that of the reactant fluorine atoms given by Eq. (10.176) with r 8 replacing r 9 : 
F - h 2 r— — , _ 2h 2 JT 

x diamagnetic ~ ~ \. 2 \ S \ S + l ) 1 r TZ T~ \l~h 

\3J 4w 8 r 8 V 3 1 2w e r 8 2 r 3 V 4 r 

due to the two filled 2p orbitals per F atom is twice that of N 2 given by 
20 Eq. (13.622) having one filled 2p orbital per N atom. ¥ aagl corresponding to the 
conserved spin and orbital angular momentum is also the same as that of the reactant fluorine 
atoms given by Eq. (10.177) and that of N 2 given by Eq. (13.623) where the outer radius of 
the 2p shell of the F atoms of F 2 is r 8 . 

1 3A 2 r- 

25 The electric field external to the 2p shell given by Eq. (10.92) for r > r„ gives rise to 

* 

a second diamagnetic force, ¥ dlomagmtlc 2 , given by Eq. (10.93). ¥ a<magnelic 2 due to the binding 
of the p-orbital electron having an electric field of +1 outside of its radius is : 



J^K-T^fer (13.712) 
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F 



diamqgnetfc 2 



Z-8 
Z-7 



1- 



r 3 h 



i _______ 

T l 0^(j + l)i r 



(13.714) 



In addition, the contribution of a 2/7 electron from each F atom in the formation of 
the <j MO gives rise to a paramagnetic force on the remaining paired 2p electrons. The 
force F mflg 3 is given by Eq. (13.625) wherein the radius is r 8 : 



F — 

mag 3 



4/w/g 



lA /^7l)i r 



(13.715) 



The radius of the 2p shell is calculated by equating the outward centrifugal force to 
the sum of the electric (Eq. (13.711)) and diamagnetic (Eqs. (13.712) and (13.714)), and 
paramagnetic (Eqs. (13.713) and (13.715)) forces as follows: 



>8 



f (Z-7)g 2 

Tz-8' 

, U-7. 



2* 



1- 



V2 



I2m t rfa 



3* 



Zm e r?r 3 



*— 10^ +1) +-2—J s (s + 1) 



4w e r g ; 



(13.716) 



ft 1 

10 Substitution of v 8 = (Eq. (1.56)) and j = - into Eq. (13.716) gives: 

2 



13 _ (Z-7)e 2 2_r 



m e r 8 3 4ro e r 8 3 >[.4 4>n? 0 r 8 2 
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12/w e r 8 V 3 V4 Zw,.. 
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■Wfo V4 LZ-7j( 2 





r^ 2 


2 1 
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(13.717) 



The quadratic equation corresponding to Eq. (13.717) is 

ft 2 



r» - 



_1 


1- 


^1 






8 J 




f (Z-7)e 2 










J2 







w e Lz-7. 



1- 
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r 3 10 
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(z-7K_/ r ^_2 > | ft2 ' 3 
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= 0 



4^ft 



12 Z)m t r 3 \A) 



15 



(13.718) 



The solution of Eq. (13.718) using the quadratic formula is: 
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f 



<2r 



( 

1-— 
8 



t f 
(Z-7)- 



112 Z)2r 3 ) 



\ ±a o 



1- 



8 



V 



(z.Tj-ri-iM 

1.12 Zj2rj 



J 




(13.719) 



r 3 i'/j units of a 0 

The positive root of Eq. (13.719) must be taken in order that r 8 >0. Substitution of 



r 3 _ 



On 



= 0.51382 (Eq. (10.62) with Z = 9) into Eq. (13.719) gives 



r 8 = 0.733 18a 0 



(13.720) 



THE FLUORINE 



FLUORINE MOLECULE 



The central forces on the 2p shell of each F are increased with the formation of the cr MO, 
which reduces the shell's radius and increases its total energy. The Coulombic energy terms 

10 of the total energy of the two F atoms at the new radius are calculated and added to the 

• ■ • • 

■ 

energy of the cr MO to give the total energy of F 2 . Then, the bond energy is determined 
from the total F 2 energy. 

The radius r 9 of each fluorine atom before bonding is given by Eq. (10.182): 
r 9 =0.78069a 0 (13.721) 
15 Using the initial radius r 9 of each F atom and the final radius r 8 of the F2p shell of F 2 
(Eq. (13.720)) and by considering that the central Coulombic field decreases by an integer for 
each successive electron of the shell, the sum E T (F 29 2p) of the Coulombic energy change of 
the F2p electrons of both atoms is determined using Eq. (10.102): 



E T (F 2 ,2p) = -2± {Z -" )e 



«=4 



-2(13.60580 eF)(0.0830l) (2+3 + 4 + 5) 
-31.62353 eV 



(13.722) 
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FORCE BALANCE OF THE <j MO OF THE FLUORINE MOLECULE 

The relativistic diamagnetic force F^^,,^ of F 2 is one half that of N 2 due to the two 
versus one filled 2p orbitals per atom at the focus. The force balance equation for the a - 
5 MO of the fluorine molecule is given by Eq. (11.200) and Eqs. (13.633-13.634) with the 
correction of 1/2 due the two 2p orbitals per F after Eqs. (10.2-10.11), n e =2, and |l| = fi: 

h 2 _ (5 \\ h 2 

(13.723) 



h 2 


Z> = 


e 2 


m e a 2 b 2 


8xe 0 ab 2 


h 2 


D = 


e 2 


m t c^b 2 


8ne 0 ab 2 



D+ 



2m,a 2 b 2 



r 



D- 



2 + 2Zj 



2m.d 1 b 2 



D 



D- 



(13.724) 



2 + 2ZJ2m e a 2 b 2 



%ne 0 ab 4 



D 



(13.725) 



10 



(1 \\ 
a = \ — + — 

U 2ZJ 



a. 



(13.726) 



Substitution of Z = 9 into Eq. (13.726) gives 

a = 3.55556a 0 =1.88152JST 10 -10 m 
Substitution of Eq. (13.727) into Eq. (11.79) is 
c' = 1.33333a 0 =7.05569X10-" m 
15 The intranuclear distance given by multiplying Eq. (13.728) by two is 
2c' = 2.66667tf 0 = 1.41114* 10" 10 m 



(13.727) 



(13.728) 



(13.729) 



(13.730) 



(13.731) 



The experimental bond distance is [28] 

2c' = 1.41193X10- ,0 ot 
Substitution of Eqs. (13.727-13.728) into Eq. (11.80) is 
20 b = c = 3.29609a 0 = 1 .74421 X 10" 10 m 

■ 

Substitution of Eqs. (13.727-13.728) into Eq. (1 1.67) is 
e = 0.37500 

Using the electron configuration of F 2 (Eq. (13.710)), the radii of the F\s = 0.11297o 0 (Eq. 
(10.51)), F2s = 0.51382a 0 (Eq. (10.62)), and F2p = 0.73318a 0 (Eq. (13.720)) shells and the 
25 parameters of the a MO of F 2 given by Eqs. (13.3-13.4), (13.727-13.728), and (13.731- 
13.732), the dimensional diagram and charge-density of the F 2 MO are shown in Figures 23 
and 24, respectively. 



(13.732) 
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SUM OF THE ENERGIES OF THE <j MO AND THE AOs OF THE 
FLUORINE MOLECULE 
5 The energies of the F 2 a MO are given by the substitution of the semiprincipal axes (Eqs. 
(13.683-13.684) and (13.687)) into the energy equations (Eqs. (11.207-1 1.212)) of H 2 : 

K= ■4= T ln ° 7"° =-16.09139 eV (13.733) 

8ot 0 vV -b 2 a-4a 2 -b 2 

V p = ?====• = 10.20435 (13.734) 

&7t£ a \la —b 



T = ^L_bi£±^^2 = 2.26285 *7 (13.735) 

2m e a4a 2 -b 2 a-4a 2 -b 2 

10 F " = , Tl , 2 l° g+ fP^ = -1-13143 (13.736) 

4m c ayla 2 -b 2 a -4 a 2 -b 2 

E T =V e +T + V m +V p (13.737) 

Substitution of Eqs. (11.79) and (13.733-13.736) into Eq. (13.737) gives 



E T {F 2 ,a) = 



-e 2 



1 a 



10a 



0 



2--^ 
2 a 



a- 



<aa 0 



= -4.75562 (13.738) 



where £ r (F 2 ,cr) is the total energy of the a MO of F 2 . The sum, £ r (F 2 ), of ^(F^lp), 

15 the 2p AO contribution given by Eq. (13.722), and E,. (F 2 ,<y) , the a MO contribution given 
by Eq. (13.738) is: 

E T {F 2 ) = E T (F 2 ,2p) + E T (F 2 ,a) 

= -31.62353 eF-4.75562 eV (13.739) 
= -36.37915 eV 



VIBRATION OF F 2 



20 The vibrational energy levels of F 2 may be solved by detennining the Morse potential curve 
from the energy relationships for the transition from two F atoms whose parameters are 
given by Eqs. (10.174-10.183) to the two F atoms whose parameter r 8 is given by Eq. 
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(13.720) and the a MO whose parameters are given by Eqs. (13.727-13.729) and (13.731- 
13.732). As shown in the Vibration of Hydrogen-type Molecular Ions section, the harmonic 
oscillator potential energy function can be expanded about the internuclear distance and 
expressed as a Maclaurin series corresponding to a Morse potential after Karplus and Porter 
5 (K&P) [15] and after Eq. (11.134). Treating the Maclaurin series terms as anharmonic 
perturbation terms of the harmonic states, the energy corrections can be found by perturbation 
methods. 

THE DOPPLER ENERGY TERMS OF THE FLUORINE MOLECULE 
10 The equations of the radiation reaction force of fluorine are the same as those of H 2 with the 
substitution of the fluorine parameters. Using.Eqs. (1 1.231-1 1.233), the angular frequency of 

i 

the reentrant oscillation in the transition state is . 



CO- 



e 2 



^sfL = 6.16629* 10 ,s rod Is (13.740) 



where a is given by Eq. (13.727). The kinetic energy, E K , is given by Planck's equation 
15 (Eq. (11.127)): 

E K =ftfi> = ft6.16629X 10 15 radls = 4.05876 eV (13.741) 
In Eq. (11 . 1 8 1 ), substitution of E T [F 2 ) for E^ , the mass of the electron, m, , for M , and the 
kinetic energy given by Eq. (13.741) for E K gives the Doppler energy of the electrons of the 
reentrant orbit; 



20 E D g J% = -36.37915 eV N 4 ' 058 ? 6 eV ) = -0.14499 eV (13.742) 

V Mc \ m e c 

In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. The decrease in the energy of the. F 2 MO 
due to the reentrant orbit in the transition state corresponding to simple harmonic oscillation 
of the electrons and nuclei, 1 , is given by the sum of the corresponding energies, E D given 



25 by Eq. (13.742) and E Kvtb9 the average kinetic energy of vibration which is 1/2 of the 
vibrational energy. Using the experimental F 2 co e of 916.64 cm" 1 (.0.11365.*?) [28] for 
E Kvfb of the transition state, E 0SC (F 2 ) is 
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KM = E D+ E KyW =E D +h^ 

4c(^) = -0.14499 cr+^(0.11365eK) = -0.08817 eV 



(13.743) 



(13.744) 



TOTAL AND BOND ENERGIES OF THE FLUORINE MOLECULE 
5 ^t-kuc (*a ) > the total energy of F 2 including the Doppler term, is given by the sum of E T (F 2 ) 
(Eq. (13.739)) and E 03C (F 2 ) given by Eq. (13.744): 



^r- {Fi) = V e +T + V a +V p + E T (F 2 ,2p)+E m (F 2 ) 
= E T {F 2 ,o) + E r {F 2 ,2p)+E mc (F 2 ) 

17 



(13.745) 



- e 



8^ 0 ' aa <> 



2- 



2 a 



In 





aa 0 
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a-J 


\aa 0 



-1 




J 



' (Z-rc)e 2 



1 1 



\ 



H=4 



8«£„ 



= -36.37915 eV -0.14499 eV + 



(13.746) 



From Eqs. (13.743-13.746), the total energy of the F, MO is 



E T . 03C (F 2 ) = -36.37915 eV + E^F,) 



10 



1 



= -36.37915 eV- 0.14499 eK + -(0.1 1365 eF) 

2 

= -36.46732 eF 



(13.747) 



where the experimental g>, was used for the h /— term. 

The F 2 bond dissociation energy, E D (F 2 ), is given by the difference in the total 
energies of the two F atoms and E T+ase (F 2 ) : 

E D (F 2 ) = 2E(F)-E T+0SC (F 2 ) 
15 where the energy of a fluorine atom is [6] 



(13.748) 
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E(F) = -17.42282 eV (13.749) 
Thus, the F 2 bond dissociation energy, E D (F 2 ) 9 given by Eqs. (13.747-13.749) is 

E D (F 2 ) - -2(17.42282 eV)- E T ^ C {F 2 ) 

= -34.84564 <?K- (-36.46732 eV) (13.750) 
= 1.62168 eV 

The experimental F 2 bond dissociation energy is [48] 

5 E D (F 2 ) = 1.606 eV (13.751) 

The results of the determination of bond parameters of F 2 are given in Table 13.1. The 

calculated results are based on first principles and given in closed-form, exact equations 
containing fundamental constants only. The agreement between the experimental and 
calculated results is excellent. 

10 

CHLORINE MOLECULE 

The chlorine molecule can be formed by the reaction of two chlorine atoms: 

Cl + Cl->Cl 2 (13.752) 

* 

The chlorine molecule can be solved by using the hybridization approach used to solve the 
15 methane series CH n=W A . In the methane series, the 2s and 2p shells of carbon hybridize 

: ... 

to form a single 2sp z shell to achieve an energy minimum, and in a likewise manner, the 3s 
and 3/? shells of chlorine hybridize to form a single 3sp 3 shell which forms the bonding 
orbital of CL . 



20 FORCE BALANCE OF C/ 2 

Cl 2 has two spin-paired electrons in a chemical bond between the chlorine atoms. The Cl 2 
molecular orbital (MO) is determined by considering properties of the binding atoms and the 
boundary constraints. The prolate spheroidal H z MO developed in the Nature of the 
Chemical Bond of Hydrogen-Type Molecules section satisfies the boundary constraints; thus, 

25 each CI atom could contribute a 3p electron to form a a MO (if 2 -type ellipsoidal MO) as 

in the case of N 2 , 0 2 , and F 2 . However, such a bond is not possible with the outer CI 
electrons in their ground state since the resulting 3 p shells of chlorine atoms would overlap 
which is not energetically stable. Thus, when bonding, the chlorine 3^ and 3p shells 
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hybridize to form a single 3sp 3 shell to achieve an energy minimum. 

The CI electron configuration given in the Seventeen-Electron Atoms section is 
Is 2 2s 2 2p 6 3s 2 3 p 5 , and the orbital arrangement is 

3p state 

t i t I f (13.753) 
1 0 -1 

5 corresponding to the ground state 2 P 3 ° /2 . The radius r l7 of the 3p shell given by Eq. (10.363) 

is 

r 17 =1.05158a 0 (13.754) 
The energy of the chlorine 3 p shell is the negative of the ionization energy of the chlorine 
atom given by Eq. (10.364). Experimentally, the energy is [6] 
10 E(3p shell) = -EQonization; CI) =-12.96764 eV (13.755) 

The CBs atomic orbital (AO) combines with the CBp AOs to form a single 3sp 3 
hybridized orbital (HO) with the orbital arrangement 

2sp 3 state 

U li U ± (13.756) 
0,0 1,-1 1,0 1,1 

where the quantum numbers (t,m t ) are below each electron. The total energy of the state is 

15 given by the sum over the seven electrons. Using only the largest-force terms of the outer 
most and next inner shell, the calculated energies for the chlorine atom and the ions: CI , 
C/\ C/ 2+ , C7 3 *, C7 4 *, C/ 5+ and C/ 6 * are given in Eqs. (10.363-10.364), (10.353-10.354), 
(10.331-10.332), (10.309-10.310), (10.288-10.289), (10.255-10.256), and (10.235-10.236), 
respectively. The sum E T (Cl 9 3sp 3 )of the experimental energies of CI and these ions is [6] 

'12.96764 eK + 23.814eF + 39.61 ^ + 53.4652^ 
^+67.8^ + 97.03^ + 114.1958^ J (13.757) 

« 408.88264 eV 

The spin and orbital-angular-momentum interactions cancel such that the energy of the 
E T (Cl 9 3sp 3 } is purely Coulombic. By considering that the central field decreases by an 

integer for each successive electron of the shell, the radius r 3 ^ 3 of the Cl3sp 3 shell may be 

calculated from the Coulombic energy using Eq. (10.102): 



20 



E T (C! 9 3sp 3 ) = 
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_^ (Z-n)e 2 28e 2 

* ^8^ 0 (M08.8826 eV) Us 0 (e408.8826 eV) " ° ^ (13 758) 

where Z = 17. Using Eqs. (10.102) and (13.758), the Coulombic energy E CmleiBl> (a,3sp 3 ) 
of the outer electron of the Cl3sp 3 shell is 

Ec,uu, ai (Cl,3sp 3 )= ~* = ~f =-14.60295 eV (13.759) 
v ' Sxe 0 r 3sp> 8^0.93172^ v ; 

5 The calculated energy of the C2sp 3 shell of 14.63489 eV given by Eq. (13.428), and 
nitrogen's calculated energy of 14.61664 eV given by Eq. (10.143) is a close match with 

^Coulomb 

(Cl 9 3sp 3 ). 

The unpaired Cl3sp 3 electron from each of two chlorine atoms combine to form a 
molecular orbital. The nuclei of the CI atoms are along the internuclear axis and serve as the 

10 foci. Due to symmetry, the other CI electrons are equivalent to point charges at the origin. 
(See Eqs. (19-38) of Appendix IV.) Thus, the energies in the CI MO involve only the two 
Cl3sp 3 electrons. The forces are determined by these energies. 

As in the case of H 29 the MO is a prolate spheroid with the exception that the 
ellipsoidal MO surface cannot extend into Cl3sp 3 HO for distances shorter than the radius of 

1 5 the Cl3sp* shell of each atom. Thus, the MO surface comprises a partial prolate spheroid in 
between the nuclei and is continuous with the C13sp 3 shell at each CI atom. The energy of 
the H 2 -type ellipsoidal MO is matched to that of the Cl3sp* shell. As in the case with OH , 
NH , arid CH (where the latter also demonstrates sp 3 hybridization) the linear combination 
of the H 2 -type ellipsoidal MO with each Cl3sp 3 HO must involve a 25% contribution from 

20 the H 2 -type ellipsoidal MO to the Cl3sp 3 HO in order to match potential, kinetic, and orbital 
energy relationships. Thus, the C/ 2 MO must comprise two Cl3sp 3 HOs and 75% of a H 2 - 
type ellipsoidal MO divided between the two Cl3sp 3 HOs: 



2 Cl3sp 3 + 0.75 H 2 MO -> Cl 2 MO (13.760) 

25 
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The force balance of the Cl 2 MO is determined by the boundary conditions that arise from 
the linear combination of orbitals according to Eq. (13.760) and the energy matching 
condition between the H 2 -type-ellipsoidal-MO and Cl3sp* -HO components of the MO. 
As in the case with OH (Eq. (13.57)), NH (Eq. (13.247)), and CH (Eq. 13.429)), the H 2 - 
5 type ellipsoidal MO comprises 75% of the Cl 2 MO; so, the electron charge density in Eq. 
(11.65) is given by -0J5e. Since the chlorine atoms of Cl 2 are hybridized and the k 

parameter is different from unity in order to meet the boundary constraints, both k and k * 
must comprise the corresponding hybridization factors. (In contrast, the chlorine atom of a 
C-Cl bond of an alkyl chloride is not hybridized, and only k' must comprise the 
10 corresponding hybridization factor.) The force constant k* to determine the ellipsoidal 
parameter c y in terms of the central force of the foci is given by Eq. (13.59), except that k' is 
divided by two since the H 2 -type-ellipsoidal-MO is physically divided between two Cftsp* 

* 1 

HOs. In addition, the energy matching at both CBsp 3 HOs further requires that k' be 

■ 

corrected the hybridization fector given by Eq. (13.762). Thus, *' of the # 2 -type- 

■ 

15 ellipsoidal-MO component of the C/ 2 MO is 

' , * * • . 

»..<• fiZ^-aMl«fl£l£- (13-761) 
z\Who 2 Ane Q 2 4ns 0 

The distance from the origin to each focus c' is given by Eq. (13.60). The 
internuclear distance is given by Eq. (13.61). The length of the semiminor axis of the prolate 
spheroidal CI -CI -bond b = c is given by Eq. (13.62). The eccentricity, e , is given by Eq. 

■ * * 

20 (13.63). The solution of the semimajor axis a then allows for the solution of the other axes 
of each prolate spheroid and eccentricity of the C/ 2 MO. Since the C/ 2 MO comprises a H 2 - 

type-ellipsoidal MO that transitions to the Cl3sp 3 HOs at each end of the molecule, the 

> - * 

energy E(Cl,3sp 3 ) in Eq. (13.759) adds to that of the i/ 2 -type ellipsoidal MO to give the 
total energy of the Cl 2 MO. From the energy equation and the relationship between the axes, 
25 the dimensions of the Cl 2 MO are solved. 

The energy components of V e , V p , T , and V m are those of H 2 (Eqs. (1 1 .207-1 1 .21 1)) 
except that they are corrected for electron hybridization. Hybridization gives rise to the 
CBsp 3 HO-shell Coulombic energy E Cmlomk (a,3sp 3 ) given by Eq. (13.759). To meet the 
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equipotential condition of the union of the H 2 -type-ellipsoidal-MO with each Cl3sp 3 HO, 
the electron energies are normalized by the ratio of 14.60295 eV , the magnitude of 
E Cm iomb( c hW) given by Eq. (13.759), and 13.605804 eV , the magnitude of the 

Coulombic energy between the electron and proton of H given by Eq. (1.243). This 
5 normalizes the energies to match that of the Coulombic energy alone to meet the energy 
matching condition of the C/ 2 MO under the influence of the two CBsp 3 HOs bridged by the 

■ 

H 2 -type-ellipsoidal MO. The hybridization energy factor C , is 

CI3sp HO 

Jl 2 

e e 



i ■ ■ 



8ftg 0 q D 8^ 0 q 0 13.605804 eV 

W» e 2 ~ e 2 " 14.60295 eF" 0,93172 (13J62) 
Su£ o r 3s p> 8/a? 0 0.93172a 0 

The total energy E T (C/ 2 ) of the C/ 2 MO is given by the sum of the energies of the orbitals, 
10 the i/ 2 -type ellipsoidal MO and the two Cl3sp 3 HOs, that form the hybridized C/ 2 MO. 

* 

■ 

E T (C1 2 ) follows from by Eq. (13.74) for OH, but the energy of the CBsp* HO given by 
Eq. (13.759) is substituted for the energy of O and the H 2 -type-ellipsoidal-MO energies are 
those of H 2 (Eqs. (1 1 .207- 1 1 .212)) multiplied by the electron hybridization factor rather than 
by the factor of 0.75 : 



E r [CI 2 )^E t +E 0M (a,i^ t ) 



15 



2 — [(0.93172)f2-i^ln^-ll-14.60295eK (13 ' ?63) 



$ns 0 c' [ ^ 1 a j 

To match the boundary condition that the total energy of the entire the # 2 -type ellipsoidal 

MO is given by Eqs. (1 1 .212) and (13.75), E T (C/ 2 ) given by Eq. (13.763) is set equal to Eq. 
(13.75): 



i 



14.60295 eV = -31.63537 eV 



20 (13.764) 
From the energy relationship given by Eq. (13.764) and the relationship between the axes 
given by Eqs. (13.60-13.63), the dimensions of the Cl 2 MO can be solved. 
Substitution of Eqs. (13.60) and (13.761) into Eq. (13.764) gives 
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e 2 



ins* 



3(0.93172) 



(0.93172) 2- -^Jto 





[ 4ao 0 


'3(0.93172) 




r 4aa 0 


'3(0.93172) 



= el7.03242 



(13.765) 

The most convenient way to solve Eq. (13.765) is by the reiterative technique using a 
computer. The result to within the round-off error with five-significant figures is 

5 a = 2.46500« 0 = 1 .30442 X 1 0" 10 m (1 3 .766) 
Substitution of Eq. (13.766) into Eq. (13.60) gives 

c' = 1.87817<* 0 =9.93887* 10"" m (13.767) 
The internuclear distance given by multiplying Eq. (13.767) by two is 

2c' = 3. 75635a 0 =1.98777 X 10" 10 m (13.768) 
10 The experimental bond distance is [28] 

2c' = 1.988 X 10 -10 m (13.769) 
Substitution of Eqs. (13.766-13.767) into Eq. (13.62) gives 

b = c = 1.59646a 0 = 8.44810* 10 _u m (13.770) 

Substitution of Eqs. (13.766-13.767) into Eq. (13.63) gives 
15 e = 0.76194 (13.771) 

The CI nuclei comprise the foci of the H 2 -type ellipsoidal MO. The parameters of the point 
of intersection of the if 2 -type ellipsoidal MO and the CI3sp 3 HO are given by Eqs. (13.84- 
13.95) and (13.261-13.270). The polar intersection angle 9' is given by Eq. (13.261) where 
r = r ,=0.93172a„ is the radius of the Cl3sp 3 shell. Substitution of Eqs. (13.766-13.767) 

20 into Eq. (13.261) gives 

0' = 81.72° (13.772) 

Then, the angle Q aUj ? HO the radial vector of the Cl3sp 3 HO makes with the internuclear axis 



is 



0 msj?HO =180°-81.72° = 98.28° (13.773) 

25 as shown in Figure 25. The distance from the point of intersection of the orbitals to the 
internuclear axis must be the same for both component orbitals. Thus, the angle cot = 0 H ^ 0 
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between the intemuclear axis and the point of intersection of the H 2 -type ellipsoidal MO 
with the Cl3sp 3 radial vector obeys the following relationship: 

V **°a*m =°- 93172 «oSin^ 0 - Mn*^ (13.774) 
such that 

with the use of Eq. (13.773). Substitution of Eq. (13.770) into Eq. (13.775) gives 

V= 35 - 28 ° (13 * 776) 
Then, the distance along the intemuclear axis from the origin of H 2 -type ellipsoidal 

MO to the point of intersection of the orbitals is given by 
10 d HiUO =acos0 HiMO (13-777) 

Substitution of Eqs. (13.766) and (13.776) into Eq. (13.777) gives 

d MjU0 = 2.01235a 0 =1.06489 X 10" 10 m (13.778) 
The distance d 3 along the intemuclear axis from the origin of each CI atom to the 

Cl3sp HO 

point of intersection of the orbitals is given by 

15 ^-.^-C < 13 - 779 > 

Substitution of Eqs. (13.768) and (13.778) into Eq. (13.779) gives 

<W*o = °13417a 0 = 7.10022 X 1<T 12 m (13.780) 
As shown in Eq. (13.760), a factor of 0.25 of the charge-density of the # 2 -type 
ellipsoidal MO is distributed on each Cl3sp 3 HO. Using the orbital composition of Cl 2 (Eq. 
20 (13.760)), the radii of the Cl\s = 0.05932o^ (Eq. (10.51)), Cl2s = 0.25344a 0 (Eq. (10.62)), 
C/2^ = 0.31190a 0 (Eq. (10.212)), and C/3ap 3 =0.931 72a 0 (Eq. (13.758)) shells, and the 
parameters of the Cl 2 MO given by Eqs. (13.3-13.4), (13.766-13.768), and (13.770-13.771), 
the dimensional diagram and charge-density of the C/ 2 MO comprising the linear 
combination of the H 2 -type ellipsoidal MO and two CT3sp 3 HOs according to Eq. (13.760) 
25 are shown in Figures 25 and 26, respectively. 
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ENERGIES OF C/ 2 

The energies of C/ 2 are given by the substitution of the semiprincipal axes (Eqs. (13.766- 
13.767) and (13.770)) into the energy equations, (Eq. (13.763) and Eqs. (11.207-11.211) of 
5 H 2 ) that are corrected for electron hybridization using Eq. (1 3 .762): 

K e =(0.93172) |ng±^5L -27.02007 eV (13.781) 

e 2 

V p =~ rr=r = 7-24416 eV (13.782) 

ijce^a 2 -b 

T = (0.93172) % In a + ^ 2 ~ 62 =5.48074 eV (13.783) 

V m = (0.93172) ^= ]n" + f 2 " t2 = -2.74037 eF (13J84) 

4m e aja -b 2 a-ja 2 -b 2 



10 £ r ( 35 C/ 2 ) = 



e 2 



8^f 0 c' 



(0.93172)f2-i-^-lln— - 1 



-14.60295 eV = -31.63849 eV 



(13.785) 

where E T (C7 2 ) is given by Eq. (13.763) which is reiteratively matched to Eq. (13.75) within 
five-significant-figure round-off error. 

15 VIBRATION AND ROTATION OF C/ 2 

■ 

In C/ 2 , the division of the H 2 -type ellipsoidal MO between the two CBsp 3 HOs and the 

hybridization must be considered in determining the vibrational parameters. One approach is 
to use Eq. (13.761) for the force constant and given by Eq. (13.758) for the distance 

parameter of the central force in Eq. (11.213) since the # 2 -type ellipsoidal MO is energy 

20 matched to the Cl3sp 3 HOs. With the substitution of the C/ 2 parameters in Eqs. (11.213- 
1 1 .2 1 7), the angular frequency of the oscillation is 
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Q) = 



i 



(0.75) e 2 e 2 
0.93172^ 1 - — 



2 8^o (v) 8 ^o(v +c 'J 



o 93172 ( Q - 75 ) i 

2 8^g 0 (0.93172) 3 8flg 0 (0.93172o 0 +1.87817fl 0 ) 3 ?g6) 



35 



= 1.01438 X 10 14 rac//s 
where c' is given by Eq. (13.767), and the reduced mass of 35 C/ 2 is given by: 

= _^_ = (35)(35) m (13.787) 
" c/j z^ + ffij 35 + 35 p 

where m is the proton mass. Thus, during bond formation, the perturbation of the orbit 
5 determined by an inverse-squared force results in simple harmonic oscillatory motion of the 
orbit, and the corresponding frequency, fi>(0), for 35 Cl 2 given by Eqs. (11.136), (11.148), 

and (13.786) is 



(0) 



= jM = ^pLli^ = i.01438X 10 14 radiamls (13.788) 

where the reduced nuclear mass of 35 C7 2 is given by Eq.( 13.787) and the spring constant, 
10 Jfc(0) , given by Eqs. (1 1.136) and (13.786) is 

* 

k(0) = 301.19 Nni* (13.789) 
The 35 C/ 2 transition-state vibrational energy, E, ib (0) or co e , given by Planck's equation (Eq. 
(11.127)) is: 

£w»(0) = ® e 01438 X 10 14 rad/s = 0.06677 eF = 538.52 cm"' (13.790) 

15 o,. , from the experimental curve fit of the vibrational energies of 35 C7 2 is [28] 

a) = 559.7 (13.791) 



Using Eqs. (13.112-13.118) with £ wi (0) given by Eq. (13.790) and D 0 given by Eq. 

(13.807), the 35 C/ 2 u = 1 -» i> = 0 vibrational energy, E tib (l) is 

£ w4 (1) = 0.0659 eV (531.70 c/w" 1 ) (13.792) 

20 The experimental vibrational energy of 35 C/ 2 using co e and <tf e x e [28] according to K&P [15] 
is 
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£ wi (1) = 0.0664 eV (535.55 cm- 1 ) (13.793) 
Using Eq. (13.1 13) witii E M (l) given by Eq. (13.792) and D 0 given by Eq. (13.807), 
the anharmonic perturbation term, o 0 x 0 , of 35 C/ 2 is 

a> 0 x Q = 3.41 cm" 1 (13.794) 
5 The experimental anharmonic perturbation term, a> 0 x 0 , of 35 C/j [28] is 

i 

w 0 x 0 = 2.68 cm" 1 (13.795) 

The vibrational energies of successive states are given by Eqs. (13.790), (13.112), and 
(13.794). 

Using Eqs. (13.133-13.134) and the internuclear distance, r-2c\ and reduced mass of 35 C7 2 
10 given by Eqs. (13.768) and (13.787), respectively, the corresponding B 9 is 

2*. = 0.2420 cm- 1 (13.796) 
The experimental B e rotational parameter of 35 C/ 2 is [28] 

B e = 0.2440 cm' 1 (13.797) 



15 THE DOPPLER ENERGY TERMS OF C/ 2 

The equations of the radiation reaction force of the symmetrical C/ 2 MO are the given by 
Eqs. (11.231-11.233) with the substitution of the C/ 2 parameters and the substitution of the 

force factor of Eq. (13.761). The angular frequency of the reentrant oscillation in the 
transition state is 



(0.75) e 



'0.93172 



2 4jep a 3 

20 a> = \\ ^— = 63\A\%XW S radls (13.798) 



m . 



where a is given by Eq. (13.766). The kinetic energy, E K> is given by Planck's equation 
(Eq. (11.127)): 

E K =fto = M.6.31418X 10 15 radls = 4.15610 eV (13.799) 

InEq. (11.181), substitution of the total energy of C/ 2 , E T (Cl 2 ) , (Eq. (13.764)) for ^.the 

25 mass of the electron, m e , for M , and the kinetic energy given by Eq. (13.799) for E K gives 
the Doppler energy of the electrons for the reentrant orbit: 
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l2Er 



= -31.63537 eV. 



fr(4.13610.K) 



(13.800) 



mc 



In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. The decrease in the energy of Cl 2 due to 
the reentrant orbit in the transition state corresponding to simple harmonic oscillation of the 
5 electrons and nuclei, E osc> is given by the sum of the corresponding energies, E D given by 
Eq. (13.800) and E Kvib , the average kinetic energy of vibration which is 1/2 of the vibrational 
energy of Cl 2 . Using the experimental 35 Cl 2 <o e of 559.7 cm" 1 (0.06939 eV) [28] for E Kvlb 

of the transition state, i.pC^) is 



(13.801) 



10 



1 



( "Ch ) = -0.12759 (0.06939 eV) = -0.09289 e V 



(13.802) 



TOTAL AND BOND ENERGIES OF C/ 2 

i 

e t+osc { KQ h ) > me total ener gy of me ^ c h radical including the Doppler term, is given by the 
sum of E T (Cl 2 ) (Eq. (13.764)) and E m ( ls C/ 2 ) given by Eq. (13.802): 



15 



■ZnL ( 3$C/ 2 ) = V < ^ + V a + V p + E CM (a t 3tf)+E m ( 35 C/ 2 ) 

= E T {Cl 2 )^E csc ( iS Cl 2 ) 



(13.803) 



• fi T +ore ( 35 ^2) 



-e 



8ns 0 c ' 



^Ht)^-']- 14 ' 



.60295 eV 




0.93172 



(0.75) 



2 Answer 



m 



m t c 



A/- 

2 \n 



= -31.63537 eK -0.12759 eF+^J- 

2 V 

(13.804) 

From Eqs. (13.801-13.804), the total energy of 35 C7 2 is 
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( " C h ) = "3 1 • 63 53 7 e V + ( 35 C/ 2 ) 

= -31.63537 eV-0.M59 eV +^(0.06939 eV) (13.805) 
= -31.72826 eV 

where the experimental <o t (Eq. (13.791)) was used for the h term. 

The C/ 2 bond dissociation energy, E D ( 35 C/ 2 ) , is given by the difference between the 
total energies of the two Cl3sp 3 HOs and £ r+<BC ( 35 C7 2 ) : 
5 5 D ( 35 a 2 ) = 2£ c<w/om6 (a,3^)- J E r+MC ( 3J C/ 2 ) (13.806) 

Ecoutomb( a > 3s P 3 ) is . given by Eq. (13.759); thus, the 3S C/ 2 bond dissociation energy, 
E D ( 35 C/ 2 ), given by Eqs. (13.759) and (13.805-13.806) is 

M 35 C' 2 ) = -2(14.60295 eV)- E THue ( 35 Cl 2 ) 

= -29.20590 eV -(-31.72826 eV) (13.807) 
= 2.52236 

The experimental 35 C/ 2 bond dissociation energy is [49] 
10 £ D ( 35 C/ 2 ) = 2.51412 (13.808) 

The results of the determination of bond parameters of Cl 2 are given in Table 13.1. 

The calculated results are based on first principles and given in closed-form, exact equations 
containing fundamental constants only. The agreement between the experimental and 
calculated results is excellent. 

15 

CARBON NITRIDE RADICAL 

The carbon nitride radical can be formed by the reaction of carbon and nitrogen atoms: 

C + N->CN (13.809) 
The bond in carbon nitride radical comprises a # 2 -type molecular orbital (MO) with two 

20 paired electrons. The force balance equations and radii, r 6 and r 7 , of the 2p shell of C and 
N are derived in the Six-Electron Atoms section and Seven-Electron Atoms section, 
respectively. With the formation of the i/ 2 -type MO by the contribution of a 2p electron 
ftom each of the C and N atoms, a diamagnetic force arises between the remaining 2p 
electrons of each atom and the H 2 -type MO. This force from each atom causes the H 2 -type 
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MO to move to greater principal axes than would result with the Coulombic force alone. But, 
the integer increase of the central field and the resulting increased Coulombic as well as 
magnetic central forces on the remaining 2p electrons of each atom decrease the radii of the 
corresponding shells such that the energy minimum is achieved that is lower than that of the 
5 reactant atoms. The resulting electron configuration of CN is 

Cls 2 N\s 2 C2s 2 N2s 2 C2p x N2p 2 a % CN where a designates the J^-type MO, and the orbital 

arrangement is 

a state 

H 

.- • •. • ■ • . 

2p state 
_t_ H 
0 0 

(13.810) 

2s state 

n n 

— ■ ' " — — — ^— 
Is state 

n n 



C N 

* 

10 

The carbon nitride radical is predicted to be weakly paramagnetic . 

■ 

FORCE BALANCE OF THE 2p SHELL OF THE CARBON ATOM OF THE 

CARBON NITRIDE RADICAL 
15 For the C atom, force balance for the outermost 2p electron of CN (electron 5) is achieved 

■ 

between the centrifugal force and the Coulombic and magnetic forces that arise due to 
interactions between electron 5 and the 2s -shell electrons due to spin and orbital angular 
momentum. The forces used are derived in the Six-Electron Atoms section. The central 
Coulomb force on the outer-most 2p shell electron of CN (electron 5) due to the nucleus 
20 and the inner four electrons is given by Eq. (10.70) with the appropriate charge and radius: 

(Z-4)e 2 (13.811) 
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for r > r A . The 2p shell possess an external electric field given by Eq. (1 0.92) for r > r . 

The single unpaired carbon 2p electron gives rise to a diamagnetic force on the a - 
MO as given by Eqs. (13.835-13.839). The corresponding Newtonian reaction force cancels 
F diamagnetic > of ^ (10.82). The energy is minimized with conservation of angular momentum. 



5 This condition is met when 

diamagnetic u 



(13.812) 



And, F mag j corresponding to the maximum orbital angular momentum of the three 2p 
orbitals given by Eq. (10.89) is 

1 3h 2 



F 



mag 2 ry 2 

Z m t r s r 3 



^+l)i r 



(13.813) 



10 



The electric field external to the 2/? shell given by Eq. (10.92) for r > r s gives rise to 
a second diamagnetic force, 2 , given by Eq. (10.93). F^^ 2 due to the binding 

of the p-orbital electron having an electric field of +1 outside of its radius is : 

2 



diamagnetic 2 



r 3 /i 



m e r 5 



7 10^+1)1, 



(13.814) 



The radius of the 2p shell is calculated by equating the outward centrifugal force to 
15 the sum of the electric (Eq. (13.811)) and diamagnetic (Eqs. (13.812) and (13.814)), and 
paramagnetic (Eq. (13.813)) forces as follows: 



(Z-4)e 
4ns^ 



Z ~ 5 
{ LZ-4J 



3ti 



Zm e r 2 r 3 



1- 



72 



f— 10V^ + 1) 



(13.815) 



A 1 

Substitution of v 5 = (Eq. (1.56)) and * = - into Eq. (13.815) gives: 

77j e r 5 2 



r = (Z-4)e 2 3& : 
3 4xe 0 r? + ---- 2 



Z-5 



-1/ 



1- 



r*m e 



ZmXr 3 l4 lZ-4] 
20 The quadratic equation corresponding to Eq. (13.816) is 

h 2 h 2 [Z-5l(. >/2^ 



10j- 



(13.816) 



(Z-4)e 2 3fr 

~ T ' 



4?T£„ 



Zw e r 3 




(Z-4)e 2 3/z : 
-+ 



4*r&, 



Zm e r 3 \ 4 




= 0 



WO 2007/051078 



PCT/US2006/042692 



260 



The solution of Eq. (13.817) using the quadratic fonnula is: 

F 




(13.817) 



(13.818) 



r 3 in units of a 0 

The positive root of Eq. (13.818) must be taken in order that r s >0. Substitution of 



5 = 0.84317 (Eq. (10.62) with Z = 6) into Eq. (13.818) gives 



r s = 0.88084^, 



(13.819) 



FORCE BALANCE OF THE 2p SHELL OF THE NITROGEN ATOM OF 
THE CARBON NITRIDE RADICAL 

10 For the N atom, force balance for the outermost 2p electron of CN (electron 6) is achieved 
between the centrifugal force and the Coulombic and magnetic forces that arise due to 
interactions between electron 6 and the other 2 p -shell as well as the 2s -shell electrons due 
to spin and orbital angular momentum. The forces used are derived in the Seven-Electron 
Atoms section. The central Coulomb force on the outer-most 2p shell electron of CN 

15 (electron 6) due to the nucleus and the inner five electrons is given by Eq. (10.70) with the 
appropriate charge and radius: 



_ (Z-5)e 2 

*dfc * ~ 2 *r 



(13.820) 



for r > r 5 , The 2p shell possess an external electric field given by Eq. (10.92) for r > r 6 . 

The forces to determine the radius of the N2p shell of N in CN are the same as 
20 those of N in N 2 except that in CN there is a contribution from the Newtonian reaction 
force that arises from the single unpaired carbon 2p electron. The energy is minimized with 
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conservation of angular momentum. This condition is met when F dta /c of N in CN is 
canceled by the cr -MO -reaction force. Eq. (13.622) becomes 

^dtamagnaic = 0 (13.821) 

And, F mag 2 corresponding to the conserved orbital angular momentum of the three orbitals 



5 given by Eq. (10.89) is 



F. 



1 3ft : 



z m e r i r a 



V^Ti)i r 



(13.822) 



The electric field external to the 2p shell given by Eq. (10.92) for r>r 6 gives rise to 
a second diamagnetic force, F^^ 2 , given by Eq. (10.93). F^^ 2 due to the binding 
of the p-orbital electron having an electric field of + 1 outside of its radius is 



10 



F 



diamagnetic 2 



f z-6 " 
LZ-5. 



1 



\ 



r 3 h 



T 10V4v+l)i r 



(13.823) 



The N forces F de , F^ 2 , F^^ 2 , and F„ o; 3 of CN are the same as those of N 2 
given by Eqs. (13.621) and (13.623-13.624), respectively. In both cases, the contribution of a 
2p electron from the N atom in the formation of the a MO gives rise to a paramagnetic 
force on the remaining two 2p electrons that pair. Thus, the force, F^ 3 of CN , given by 
15 Eq. (13.625) is 



(13.824) 



V6 



The radius of the 2p shell is calculated by equating the outward centrifugal force to 
the sum of the electric (Eq. (13.820)) and diamagnetic (Eqs. (13.821) and (13.823)), and 
paramagnetic (Eqs. (13.822) and (13.824)) forces as follows: 



20 



r 6 



(Z-5)e 2 3ft 2 rr—z 



Zm c r e r 3 



Z-6 



2-5 



1- 



^-ioV^(7Ti) + -^ 



4m e r 6 



ft 1 

Substitution of v 6 = (Eq. (1.56)) and s = - into Eq. (13.626) gives: 

m.n- 2 



Vt 



_ft 
m 



I 2 h 2 /3 _ (Z-5)e 2 x 3ft 2 
^ 4w e r 6 3 V4 4^£ 0 r 6 2 Zm e r 6 2 r 3 )(4 



Z-6 
Z-5 



V 2 J 



(13.825) 



(13.826) 
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The quadratic equation corresponding to Eq. (13.826) is 



r 2 



m 



e 



l- 



8 



\ 



m 



(Z-5)e 2 | 3ft 



Zm e r 3 \ 4 




e u. 



Z-6 
Z-5 



1 



\ 



(Z-5)e 2 + 3ft : 



4;r& 



Zw/ 3 ^1 4 




= 0 



The solution of Eq. (13.827) using the quadratic formula is: 

F 




(13.827) 



(13.828) 



r 3 /« units of a 0 

The positive root of Eq. (13.828) must be taken in order that r 6 >0. Substitution of 
= 0.69385 (Eq. (10.62) with Z = 7 ) into Eq. (13.828) gives 



r 6 =0.76366a 0 



(13.829) 



10 ENERGIES OF THE 2p SHELLS OF THE CARBON AND NITROGEN 
ATOMS OF THE CARBON NITRIDE RADICAL 

The central forces on the 2p shell of the C and N atoms are increased with the formation 
of the a MO which reduces each shell's radius and increases its total energy. The 
Coulombic energy terms of the total energy of the C and N atoms at the new radii are 
15 calculated and added to the energy of the cr MO to give the total energy of CN . Then, the 
bond energy is determined from the total CN energy. 

The radius r 6 of the carbon atom before bonding is given by Eq. (10.122): 



r<=l. 20654a, 



(13.830) 



Using the initial radius r 6 of the C atom and the final radius r 5 of the C2p shell of CN (Eq. 
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(13.819)) and by considering that the central Coulombic field decreases by an integer for 
each successive electron of the shell, the sum E T (CN,C2p), of the Coulombic energy 

change of the C2p electron is detennined using Eq. (10.102): 

E T (CN,C2p) = „^ ( z ~") g2 fl-.ll =-(13.60580 eF)(0.30647)(2) =-8.33948 eV 
5 (13.831) 

The radius r 7 of the nitrogen atom before bonding is given by Eq. (10.142): 
r 7 =0.93084a 0 (13.832) 
Using the initial radius r 7 of the N atom and the final radius r 6 of the N2p shell of CN 
(Eq. (13.829)) and by considering that the central Coulombic field decreases by an integer for 
10 each successive electron of the shell, the sum E T (CN,N2p) of the Coulombic energy 
change of the N2p electron is detennined using Eq. (10.102): 



'i_r 

V r 6 r ? J 



n=4 o/frG 0 

= -(13.60580 er)(0.23518)(2+3) (13.833) 
= -15.99929 eV 



FORCE BALANCE OF THE a MO OF THE CARBON NITRIDE RADICAL 
15 The diamagnetic force F dtoBM ^ <WMOl for the a -MO of the CN molecule due to the two paired 
electrons in the N2p shell given by Eq. (13.633) with n e = 2 is: 

*<BamagmticMO\ = 2m (ftf ^* (1 3.834) 

The force F toflgw//cft/a2 is given by Eq. (13.634) except that the force is the summed over the 
individual diamagnetic-force terms due to each component of angular momentum acting 
20 on the electrons of the a -MO from each atom having a nucleus of charge Z, at one of the 
foci of the a -MO : 

^diamagncticMOl = X V „2i* ^ (13.835) 

1J Z j 2m e a b 

Using Eqs. (11.200), (13.633-13.634), and (13.834-13.835), the force balance for the <7-M0 
of the carbon nitride radical comprising carbon with charge Z x =6 and |ii| = ^ and 
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1^1 = Jifi and nitrogen with Z 2 = 7 and = h is 



m t a 2 b 2 



D = 



%tcs 0 ab 2 



2m e a 2 b 2 




1+ — + J - L +— 

Z, Z, Zj 



2m e a 2 b 2 



D 



(13.836) 



mrfb 2 



1 




[3 
4 



1 



Zj Zj Z 3 



2m e a 2 b 2 



D 



(13.837) 




, 1 V4 1 
2+ — + J - L + — 

•Zj' • Zj Z 2 ■ 



ft 2 e 2 



2m e a 2 b 2 %7te^ab' 



(13.838) 



a = 



2 + 



1 




1 



z, z, z. 



2 



Substitution of Z, = 6 and Z 2 = 7 into Eq. (13.839) gives 



a = 2.45386a 0 = 1 .29853 Z 1 0" 10 m 
Substitution of Eq. (13.840) into Eq. (1 1.79) is 
c' = 1.10767o 0 =5.86153 X 10' 11 m 
10 The internuclear distance given by multiplying Eq. (13.841) by two is 
2c' = 2.21534a 0 = i:i7231X10- 10 m 
The experimental bond distance from Ref. [28] is 
2c' =1.17181 JT 10 -10 m 

■ 

Substitution of Eqs. (13.840-13.841) into Eq. (11.80) is 
15 6 = c = 2.18964a n =1.15871X10 _10 OT 



(13.839) 



(13.840) 



(13.841) 



(13.842) 



(13.843) 



(13.844) 



Substitution of Eqs. (13.840-13.841) into Eq. (11.67) is 

e = 0.45140 (13.845) 
Using the electron configuration of CN (Eq. (13.810), the radii of die CLr = 0.171 13a 0 (Eq. 

(10.51)), C2s = 0.84317a 0 (Eq. (10.62)), 02^ = 0.88084^ (Eq. (13.819)), Nte = 0.14605« 0 



20 (Eq. (10.51)), N2s = 0.69385a 0 (Eq. (10.62)), and N2p = 0.76266a o (Eq. (13.829)) shells 



10 
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and the parameters of the a MO of CN given by Eqs. (13.3-13.4), (13.840-13.842), and 
(13,844-13.845), the dimensional diagram and charge-density of the CN MO are shown in 
Figures 27 and 28, respectively. 

SUM OF THE ENERGIES OF THE a MO AND THE AOs OF THE 
CARBON NITRIDE RADICAL 

The energies of the CN a MO are given by the substitution of the semiprincipal axes (Eqs. 
(13.840-13.841) and (13.844)) into the energy equations (Eqs. (1 1.207-11.212)) of H 2 : 

V = =^_ln^^^ = -23.90105 eV (13.846) 

' %neja 2 -b 2 a-<a 2 -b 2 

■ . ■' ■ - ■ 

* 

V = 6 . =12.28328 eV . (13.847) 

" Zxeja 2 -b 2 

r = ^l_ln^^2 = 4.87009 eV (13.848) 

2m e a4a 2 -b 2 a-*4a 2 -b 2 

I 

V = -ft* ]n ^^ Z b T . = _ 2 .43504 eV (13.849) 

" 4m e a47^¥ a-yja 2 -b 2 

E T = V e + T + V m +V p (13.850) 
Substitution of Eqs. (1 1.79) and (13.846-13.849) into Eq. (13.850) gives 



15 E T (CN,a) = — 6 



\aa a 

-= , In M= -1 

laa 0 K 2 a ) _ l^o 

nl V 2 



= -9.18273 eV (13.851) 



2 

where E T (CN,a) is the total energy of the a MO of CAT. The sum, E r {CN) , of 
£ r (CW,C2/>),the C2p AO contribution given by Eq. (13.831), Ef {CN , N2p) , the JV2p 
AO contribution given by Eq. (13.833), and E T {CN,<r), the a MO contribution given by 

Eq. (13.851) is: 

E T (CN) = E T (CN, C2p) & E T (CN, Nip) +E T (N 2 ,a) 
20 =-8.33948 eK-15.99929 eK-9.18273 (13.852) 

= -33.52149 eV 
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VIBRATION OF CN 

V 

The vibrational energy levels of CN may be solved by determining the Morse potential 

curve from the energy relationships for the transition from a C atom and N atom whose 

» 

parameters are given by Eqs. (10.115-10.123) and (10.134-10.143), respectively, to a C atom 
5 whose parameter r 5 is given by Eq. (10.819), a N atom whose parameter r fi is given by Eq. 
(13.829), and the a MO whose parameters are given by Eqs. (13.840-13.842) and (13.844- 
13.845). As shown in the Vibration of Hydrogen-type Molecular Ions section, the harmonic 
oscillator potential energy function can be expanded about the internuclear distance and 
expressed as a Maclaurin series corresponding to a Morse potential after Karplus and Porter 
10 (K&P) [15] and after Eq. (11.134). Treating the Maclaurin series terms as anharmonic 
perturbation terms of the harmonic states, the energy corrections can be found by perturbation 
methods. 



THE DOPPLER ENERGY TERMS OF THE CARBON NITRIDE RADICAL 

15 The equations of the radiation reaction force of CN are the same as those of with the 

substitution of the CN parameters. Using Eqs. (11.231-11.233), the angular frequency of the 
reentrant oscillation in the transition state is 



e 2 



a>=M — = 1.07550 X 10 16 rod Is (13.853) 



where a is given by Eq. (13.840). The kinetic energy, E K , is given by Planck's equation 
20 (Eq. (11.127)): 

E K =h<o = hi .07550 X 10 16 radls = 7.07912 eV (13.854) 
In Eq. (11.181), substitution of ^{CN) for the mass of the electron, m e , for M , and 

■ • 

the kinetic energy given by Eq. (13.854) for E K gives the Doppler energy of the electrons of 
the reentrant orbit: 

„ = _ /2l7 oo „ |2e(7.07912eK) 

25 E D = E»^j£ = -33.59603 eV J— ±—— 2 1 =^0.17684 eV (13.855) 

In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. The decrease in the energy of the CAT MO 
due to the reentrant orbit in the transition state corresponding to simple harmonic oscillation 
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of the electrons and nuclei, E osc , is given by the sum of the corresponding energies, E D given 
by Eq. (13.855) and E Kvfb , the average kinetic energy of vibration which is 1/2 of the 
vibrational energy. Using the experimental CN <o c of 2068.59 cm" 1 (0.25647 eV) [28] for 



E Kvib of the transition state, E^ [CN] is 

E ac {CN) = -0.17684 eV +-(0.25647 eV) = -0.04860 eV 



(13.856) 



(13.857) 



TOTAL AND BOND ENERGIES OF THE CARBON NITRIDE RADICAL 
E T+0SC (CN) , the total energy of CN including the Doppler term, is given by the sum of 

10 E T (CN) (Eq. (13.852)) and E ox (CN) given by Eq. (13.857): 

K + T + V m + V p + (CN, C2p) + E T (CN, N2p) + E m (CN) 
E T (CN, a) + E T (CN,C2 p) + E T (CN, N2p) + E osc (CN) 
E^CN^E^CN) 

(r ' i — n V> 

.2 



E T+OK (CN) 



E T+0SC (CN) = 



- e 



2 a 



a + 



In 



-1 



(Z-n)e 2 



^ C,n=4 8^ Q 



_ ^ (Z-n)e 2 f 1 O 



\h r ijj 



2h\ 




4«e 0 a 




1 m e c 2 J 



2 V>" 



= -33.52149 eF-0.17684 cF+-» /— 

2 

From Eqs. (13.856-13.859), the total energy of the CAT MO is 
E T ^c (CN) = -33.52149 eV + E^ (CN) 

= -33.52149 eV- 0.17684 +^(0.25647 ef) 
= -33.56970 eV 



(13.858) 



(13.859) 



(13.860) 
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where the experimental co e was used for the h \— term. 

* M 

The CN bond dissociation energy, E D (CN), is given by the difference between the 
sum of the energies of the C and N atoms and Ej^ (CN) : 

E D (CN) = E(C)+E(N)-E T , mc (CN) (13.861) 
5 where the energy of a carbon atom is [6] 

E(C) = -11.26030 *F (13.862) 
and the energy of a nitrogen atom is [6] 

E(N) = -14.53414 eV (13.863) 
Thus, the CN bond dissociation energy, E D (CN) , given by Eqs. (13.860-13.863) is 

■ . • ...... 

E o (CN) = -(11 .26030 eV + 14.53414 eV)-E T+osc (CN) 
10 = -25.79444 eF-(-33.56970 eV) (13.864) 

= 7.77526 eV 
The experimental CN bond dissociation energy is [50] 

E m (CN) = 7.T731eV (l3M5) 

The results of the determination of bond parameters of CN are given in Table 13.1. The 
calculated results are based on first principles and given in closed-form, exact equations 
15 containing fundamental constants only. The agreement between the experimental and 
calculated results is excellent. 



CARBON MONOXIDE MOLECULE 

The carbon monoxide molecule can be formed by the reaction of carbon and oxygen atoms: 
20 C + (13 . g66) 

The bond in the carbon monoxide molecule comprises a double bond, a // 2 -type molecular 
orbital (MO) with four paired electrons. The force balance equation and radius r 6 of the 2p 
shell of C is derived in the Six-Electron Atoms section. The force balance equation and 
radius r 8 of the 2p shell of O is derived in the Eight-Electron Atoms section. With the 
25 formation of the # 2 -type MO by the contribution of two 2p electrons from each of the C 
and O atoms, a diamagnetic force arises between the remaining outer shell atomic electrons, 
the 2s electrons of C and the 2p electrons of O, and the i/ 2 -type MO. This force from C 
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and O causes the H 2 -type MO to move to greater principal axes than would result with the 

Coulombic force alone. But, the factor of two increase of the central field and the resulting 
increased Coulombic as well as magnetic central forces on the remaining 02p electrons 
decrease the radius of the corresponding shell such that the energy minimum is achieved that 
5 is lower than that of the reactant atoms. The resulting electron configuration of CO is 
C\s 2 0\s 1 C2s l 02s 2 O2p 2 a A c0 where a designates the H 2 -tyipe MO, and the orbital 

arrangement is 

a state 

t HI 



2p state 



o 

2s state 

U U (13.867) 

Is state 

u u 



o 



Carbon monoxide is predicted to be diamagnetic in agreement with observations [42]. 

10 

FORCE BALANCE OF THE 2p SHELL OF THE OXYGEN ATOM OF THE 
CARBON MONOXIDE MOLECULE 

For the O atom, force balance for the outermost 2 p electron of CO (electron 6) is achieved 
between the centrifugal force and the Coulombic and magnetic forces that arise due to 
15 interactions between electron 6 and the other 2p electron as well as the 2s -shell electrons 
due to spin and orbital angular momentum. The forces used are derived in the Eight-Electron 
Atoms section. The central Coulomb force on the outer-most 2p shell electron of CO 
(electron 6) due to the nucleus and the inner five electrons is given by Eq. (10.70) with the 
appropriate charge and radius: 

20 vim) 
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for r > r 5 The 2 p shell possess a +2 external electric field given by Eq, (10.92) for r > r 6 . 

* * 

The energy is minimized with conservation of angular momentum. This condition is met 
when the diamagnetic force, F^^,,, ', of Eq. (10.82) due to the p -orbital contribution is 

given by: 



F 



diamagmtic 



h' 



4m c r 6 h 



h 2 



3. 

12wir>,\4 ,r 



(13.869) 



And, F 2 corresponding to the conserved spin and orbital angular momentum given by Eq. 
(10.157) is 



1 2h' 
F..„ , = — 



(13.870) 



wag2 Zm.rfc 

The electric field external to the 2p shell given by Eq. (10.92) for r>r 6 gives rise to 
10 a second diamagnetic force, F^^ „ given by Eq. (10.93)! F^^^ 2 due to the binding 

i 

of the p-orbital electron having an electric field of +2 outside of its radius is : 



F 



diamagnetic 2 



= - -— 1-— -^10^(5 +l> r 
lZ-5}{ 2 )m t 4 



(13.871) 



In addition, the contribution of two 2p electrons in the formation of the a molecular 
orbital (MO) gives rise to a paramagnetic force on the remaining paired 2p electrons. The 
15 force F^ 3 is given by Eq. (13.625) wherein the radius is r 6 : 



mag 3 



y}s(s + l)i t 



(13.872) 



The radius of the 2p shell is calculated by equating the outward centrifugal force to 
the sum of the electric (Eq. (13.868)) and diamagnetic (Eqs. (13.869) and (13.871)), and 
paramagnetic (Eqs. (13.870) and (13.872)) forces as follows: 



20 



™.v 6 _ 



Substitution of v fi = 



f(Z-5)e 2 
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12»yfo 



y)s(s + \) 
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Zm e r 6 r 3 
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( S 
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*2 

1 0^1 s(s + 1) + ^—3- Js(s + 1) 



Amr, 



e'6 



(13.873) 



1 . 



»'e r 6 



(Eq. (1.56)) and s = - into Eq. (13.873) gives: 

2 



3 4m ji V 4 




_ (Z-5)e 2 



4«s 0 r 6 



\2m e r 6 r 3 V 4 Zm 
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The quadratic equation corresponding to Eq. (13.874) is 



m. 



1- 
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r 6 ~7 



(Z-S)g : 



1 _2\ ti 2 



12 Zj/n e r 3 V4 y 
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m « r 3 





= 0 



The solution of Eq. (13.875) using the quadratic formula is: 



r 



8 



J 



2k 



1- 



\2 



8 



V 



H-GBM) 



r 6 = 




(13.874) 



(13.875) 



(13.876) 



r 3 in ww'/s of a 0 

The positive root of Eq. (13.876) must be taken in order that r 6 >0. Substitution of 



-^- = 0.59020 (Eq. (10.62) with Z = 8) into Eq. (13.876) gives 



Or 



r 6 = 0.68835a 0 



(13.877) 



10 ENERGIES OF THE 2s AND 2p SHELLS OF THE CARBON ATOM AND 
THE 2p SHELL OF THE OXYGEN ATOM OF THE CARBON MONOXIDE 
MOLECULE 

With the formation of the H 2 -type MO by the contribution of two 2p electrons from the C 
atom, the remaining outer-shell atomic electrons comprise the 2s electrons, which are 
15 unchanged by bonding with oxygen. However, the total energy of the CO molecule, which 
is subtracted from the sum of the energies of the carbon and oxygen atoms to determine the 
bond energy, is increased by the ionization energies of C + and O* given by Eqs. (10.113- 
10.1 14) and (10.152-10.153), respectively. Experimentally, the energies are [6] 

EQonization; C + ) = 24.38332 eV (13.878) 
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EQonization; O f ) = 35.1 1730 eV (13.879) 
In addition, the central forces on the 2p shell of the O atom are increased with the 
formation of the a MO, which reduces the shells radius and increases its total energy. The 
Coulombic energy terms of the total energy of the O atom at the new radius are calculated 
5 and added to the ionization energies of C + and 0 + , and the energy of the a MO to give the 
total energy of CO . Then, the bond energy is determined from the total CO energy. 
The radius r s of the oxygen atom before bonding is given by Eq. (10.162): 

(13.880) 

Using the initial radius r 8 of the O atom and the final radius r 6 of the 02p shell (Eq. 
10 (13.877)) and by considering that the central Coulombic field decreases by an integer for 

each successive electron of the shell, the sum E T (0,2p) of the Coulombic energy change of 

■ 

the 02 p electrons of the O atom is determined using Eq. (10.102): 



V r 6 hj 



«=4 WItGq 

= -(13.60580 eF)(0.45275)(3 + 4) (13.881) 
= -43.11996 eV 



15 FORCE BALANCE OF THE a MO OF THE CARBON MONOXIDE 
MOLECULE 

The force balance can be considered due to a second pair of two electrons binding to a 
molecular ion having +2e at each focus and a first bound pair. Then, the forces are the same 
as those of a molecule ion having -f e at each focus. The diamagnetic force 'F diamagneffcMOl for 

20 the cr -MO of the CO molecule due to the two paired electrons in each of the C2^ and 02 p 
shells is given by Eq. (13.633) with n e = 2 : 

■ 

^dtamagnetl&iOX ~ ~Z JTJ ^4 0 3.882) 

The force F^ flWagwertcA/02 is given by Eqs. (13.634) and (13.835) as the sum of the contributions 
due to carbon with Z = Z, and oxygen with Z = Z 2 . 'P diamagneUcMOl for CO with \L\ = h is 



25 ^<h'amagneticM02 



h 



2 



2m a b 



jjjDi; (13.883) 
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The force balance equation for the a -MO of the carbon monoxide molecule given by Eqs. 
(11.200), (13.633-13.634), and (13.882-13.883) is 



.2 



2t 2 

m e a b 



ZTts^ab 4 



m e a 2 b 2 
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%7te Q ab 2 



D~ 
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^z, z. 
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2w e aV 
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Z, Z 
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z, z 



2; 



2m e a 2 6 2 



Z> = 



&fce 0 ab' 



2m e a 2 b 2 



D 



D 



a = 



f, 1 l) 
2+ — + — 

V Z l Z 2 J 



Substitution of Z, = 6 and Z 2 = 8 into Eq. (13.887) gives 

a = 2.29167a 0 = 1.21270X 10" 10 m 
Substitution of Eq. (13.888) into Eq. (11.79) is 
10 c' = 1.07044a 0 =5.66450 X 10" u m 

The internuclear distance given by multiplying Eq. (13.889) by two is 

2c' = 2.14087a o = 1.13290 X lO" 10 m 
The experimental bond distance is [28] 

2c' = 1.12823 X 10" 10 m 

_ 4 

15 Substitution of Eqs. (13.888-13.889) into Eq. (1 1.80) is 
b = c = 2.02630a n =1.07227 X 10 -10 m 



(13.884) 



(13.885) 



(13.886) 



(13.887) 



(13.888) 



(13.889) 



(13.890) 



(13.891) 



(13.892) 



Substitution of Eqs. (13.888-13.889).into Eq. (11.67) is 

e = 0.46710 (13.893) 

* 

Using the electron configuration of CO (Eq. (13.867)), the radii of the CLs = 0.171 13a 0 (Eq. 
20 (10.51)), C2s = 0.84317a 0 (Eq. (10.62)), 01s = 0.1 273 9a 0 (Eq. (10.51)), 02s = 0.59020a 0 
(Eq. (10.62)), and O2/> = 0.68835a 0 (Eq. (13.877)) shells and the parameters of the a MO 

of CO given by Eqs. (13.3-13.4), (13.888-13.890), and (13.892-13.893), the dimensional 
diagram and charge-density of the CO MO are shown in Figures 29 and 30, respectively. 
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SUM OF THE ENERGIES OF THE a MO AND THE AOs OF THE 
CARBON MONOXIDE MOLECULE 

The energies of the CO a MO are given by the substitution of the semiprincipal axes (Eqs. 
5 (13.888-13.889) and (13.892)) into the energy equations (Eqs. (1 1.207-1 1.212)) of H 2 except 
that the terms based on charge are multiplied by four and the kinetic energy term is multiplied 
by two due to the a -MO double bond with two pairs of paired electrons: 



-2e 2 , a+<Ja 2 -b 2 

K =2 2 - r— r ln v =-102.97635 eV (13.894) 

v " = t z — rr=r? = 5084210 eV 03.895) 

» 

10 7 = 2- £_ta£±4±!£-n.23379.K 03.896) 

2m t a4a 2 -b 2 a-4a 2 -b 2 ■ 

F " =2 \ ~l\ 2 ^ a+ ^~^=-n.23379eV (13.897) 
4m t aja 2 -b 2 a-Ja 2 -b 2 

E T =V e +T+V m + V p (13.898) 

Substitution of Eqs. (11.79) and (13.894-13.897) into Eq. (13.898) gives 



E T [CO,a) = 



-e 2 



aa 0 



8 In ip2=-4 

/oa, 

W 1 



= -52.13425 er (13.899) 



^ ^2 

15 where ^(CO,^) is the total energy of the a MO of CO. The total energy of CO, 
E T [CO) , is given by the sum of E(ionization; C*) , the energy of the second electron of 
carbon (Eq. (13.878)) donated to the double bond, EQonization; 0 + ), the energy of the 
second electron of oxygen (Eq. (13,879)) donated to the double bond, E T (0,2p), the 02p 
AO contribution due to the decrease in radius with bond formation (Eq. (13.881)), and 

20 E T [CO,a), the cr MO contribution given by Eq. (13.899): 

E T (CO) = Eiionization; C)+ EQonization; 0 + )+E T (0,2p) + E r (CO,<r) 

= 24.38332 eF+35.11730 eF-43.11996 eF-52.13425 (13.900) 
- -35.75359 eV 
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VIBRATION OF CO 

The vibrational energy levels of CO may be solved by determining the Morse potential curve 
from the energy relationships for the transition from a C atom and O atom whose 
parameters are given by Eqs. (10.115-10.123) and (10.154-10.163), respectively, to a C atom 

5 whose parameter r A is given by Eq. (10.61), an O atom whose parameter r 6 is given by Eq. 
(13.877), and the a MO whose parameters are given by Eqs. (13.888-13.890) and (13.892- 
13.893). As shown in the Vibration of Hydrogen-type Molecular Ions section, the harmonic 
oscillator potential energy function can be expanded about the internuclear distance and 
expressed as a Maclaurin series corresponding to a Morse potential after Karplus and Porter 

10 (K&P) [15] and after Eq. (11.134). Treating the Maclaurin series terms as anharmonic 
perturbation terms of the harmonic states, the energy corrections can be found by perturbation 
methods. 

THE DOPPLER ENERGY TERMS OF THE CARBON MONOXIDE 
15 MOLECULE 

The equations of the radiation reaction force of carbon monoxide are the same as those of H 2 
with the substitution of the CO parameters except that there is a factor of four increase in the 
central force in Eq. (1 1.231) due to the double bond. Using Eqs. (1 1.231-1 1.233), the angular 
frequency of the reentrant oscillation in the transition state is 



4e : 



20 o} = 



x = 2.38335 X 10 16 radls (13.901) 

where a is given by Eq. (13.888). The kinetic energy, E K > is given by Planck's equation 
(Eq. (11.127)): 

E K =ft<B = ft2.38335jr 10 16 radls = 15.68762 eV (13.902) 
In Eq. (11.181), substitution of E T (CO) for B lm9 the mass of the electron, m e , for M , and 
25 the kinetic energy given by Eq. (13.902) for E K gives the Doppler energy of the electrons of 
the reentrant orbit: 



3 *. .R=-35.753 5 9„F. Mi*»l!2 = -0.280r6 eV (13.903, 
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In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. The decrease in the energy of the CO MO 
due to the reentrant orbit in the transition state corresponding to simple harmonic oscillation 
of the electrons and nuclei, E^, is given by the sum of the corresponding energies, E D given 

5 by Eq. (13.903) and E Kv(b , the average kinetic energy of vibration which is 1/2 of the 

vibrational energy. Using the experimental CO a> e of 2169.81 cm x (0.26902 eV) [28] for 



E mb of the transition state, E ' w (CO) per bond is 

-E™ (CO) = -0.28016 +-(0.26902 eF) = -0.14564 eV 

2 



(13.904) 



(13.905) 



10 Since the or MO bond is a double bond with twice a many electrons as a single bond, 
E % osc [CO) is multiplied by two to give 

E m {CO) = -0.29129 eV (13.906) 



TOTAL AND BOND ENERGIES OF THE CARBON MONOXIDE 
15 MOLECULE 

e t+osc [CO) , the total energy, of CO including the Doppler term, is given by the sum. of 

Ej (CO) (Eq. (13.900)) and E m (CO) given by Eq. (13.906): 

f V e + T + V m + V p + Eijomzatiorr, C + ) N 
l +E{ionization; 0*)+Ej.(0,2p)+ E ox (CO) 



'T+osc 



(CO) = 



E r [CO, cr) + E(ionization; C + ) + EQonization; 0* ) y 
(+E T (0,2p) + E B3c (CO) 
= E T (CO)+E om (CO) 



(13.907) 
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E T ^c (CO) = 



( I \ 

81n M=-4 



ftnfc. ,aa ° 



a- 



2 

5 



E (ionization; C + ) 



r 



+E (ionization; O*)- J] (Z " )g 



4e 2 



i +2 V-JL3_ 
.1 i m « c J 



+2 



= -35.75359 eV- 2(0.28016 eV) + 2 



I 2 v^J 



(13.908) 



From Eqs. (13.906-13.908), the total energy of the CO MO is 

E T+osc (CO) = -35.75359 eV + E^CO) 

= -35.75359 e^ + (-0.29129 eV) 
= -36.04488 eV 



(13.909) 




where the experimental o e was used for the h /— term. 

* 

The CO bond dissociation energy, E D (CO) , is given by the difference between the 
sum of the energies of the C and O atoms and E T+osc (CO) : 

E D (CO) = E(C) + E(O)-E r , 0SC (CO) (13.910) 



(13.911) 



where the energy of a carbon atom is [6] 
£(C) = -1 1.26030 eV 
10 and the energy of an oxygen atom is [6] 

E(0) = -13.61 806 eV (13.912) 

Thus, the CO bond dissociation energy, E D (CO) , given by Eqs. (13.909-13.912) is 

E D (CO) = -(1 1.26030 eV +13.61806 eV)-E T ^ (UC (CO) 

= -24.87836 eV - (-36.04488 eV) (13.913) 
= 1 1.16652 eV 
The experimental CO bond dissociation energy is [49] 

15 E D29i (CO) = 11. 1 5696 eV (13.914) 
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The results of the determination of bond parameters of CO are given in Table 13.1. The 
calculated results are based on first principles and given in closed-fbim, exact equations 
containing fundamental constants only. The agreement between the experimental and 
calculated results is excellent. 



NITRIC OXIDE RADICAL 

The nitric oxide radical can be formed by the reaction of nitrogen and oxygen atoms: 

N+0-+NO (13.915) 
The bond in the nitric oxide radical comprises a double bond, a H 2 -type molecular oibital 

10 (MO) with four paired electrons. The force balance equation and radius r 7 of the 2p shell of 

< » 

N is derived in the Seven-Electron Atoms section. The force balance equation and radius r 8 

* ■ . • . * » 

of the 2p shell of O is derived in the Eight-Electron Atoms section. With the formation of 

the H 2 -type MO by the contribution of two 2p electrons from each of the N and O atoms, 
a diamaghetic force arises between the remaining outer shell atomic electrons, the 2s and 
15 2/7 electrons of N and 0, and the tf a -type MO. This force from N and O causes the H 2 - 

type MO to move to greater principal axes than would result with the Coulombic force alone. 
But, the factor of two increase of the central field and the resulting increased Coulombic as 
well as magnetic central forces on the remaining N and O electrons decrease the radii of the 
corresponding shells such that the energy minimum is achieved that is lower than that of the 
20 reactant atoms. The resulting electron configuration of NO is 

Nls 2 Ols 2 N2s 2 O2s 2 N2p l O2p 2 cr A N0 where a designates the H 2 -type MO, and the orbital 

arrangement is 
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a state 

Li ti 

2p state 
f U 



0 0 

0 , + 03.916) 
2s state 



Is state 

U ti 



Nitric oxide is predicted to be weakly paramagnetic in agreement with observations [42]. 

FORCE BALANCE OF THE 2p SHELL OF THE NITROGEN ATOM OF 

5 THE NITRIC OXIDE RADICAL 

For the N atom, force balance for the outermost 2 p electron of NO (electron 5) is achieved 

between the centrifugal force and the Coulombic and magnetic forces that arise due to 
interactions between electron 5 and the 2s -shell electrons due to spin and orbital angular 
momentum. The forces used are derived in the Seven-Electron Atoms section. The central 
10 Coulomb force on the outer-most 2p shell electron of NO (electron 5) due to the nucleus 

and the inner four electrons is given by Eq. (10.70) with the appropriate charge and radius: 

for r > r 4 . The 2p shell possess a +2 external electric field given by Eq. (10.92) for r > r s . 

The energy is minimized with conservation of angular momentum. This condition is met 
15 when the magnetic forces of N in NO are the same as those of N in the nitrogen molecule 
with r s replacing r 6 and with an increase of the central field by an integer. The diamagnetic 

force, , of Eq. (10.82) due to the p -orbital contribution is given by Eq. (13.622) 

with r 5 replacing r 6 : 

V^^i r =-_l_J4i r (13.918) 



^dhmagnctic 



4mr}n r \2m r< 2 r, V4 r 



V5'3 1£ "V5'3 

20 And, F 2 corresponding to the conserved orbital angular momentum of the three orbitals is 
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also the same as that of N 2 given by Eq. (13.623) with r 5 replacing r 6 : 

1 3ft 2 



Ka ' 2 Zm,r?r 3 



(13.919) 



The electric field external to the 2p shell given by Eq. (10.92) for r>r s gives rise to 

a second diamagnetic force, F dlanagwllc 2 , given by Eq. (10.93). 2 due to the binding 

5 of the p-orbital electron having an electric field of +2 outside of its radius follows from Eq. 
(13.624): 



F 



tfiamagneUc 2 



4 



Z-5 
Z-4J 



/ 





r 3 h 2 


2 J 





T 10^(^+l)i r 



(13.920) 



* 

In addition to the N forces F*. F toqpalfc , F mag 2 , and * dlmg&mle 2 of NO being the same as 
N 2 given by Eqs. (13.621-13.624), respectively, F efe , F mg2 , and F diamagnalc 2 are also the 

10 same as those of CN (Eqs. (13.820) and (13.822-13.823)). In the N 2 and CN cases, the 
contribution of a 2p electron from the N atom in the formation of the a MO gives rise to 
an additional paramagnetic force on the remaining two 2p electrons that pair. However, the 
force, F , , is absent in NO since the single outer electron is unpaired. 

The radius of the 2p shell is calculated by equating the outward centrifugal force to 

15 the sum of the electric (Eq. (13.917)) and diamagnetic (Eqs. (13.918) and (13.920)), and 
paramagnetic (Eq. (13.919)) forces as follows: 



m e V 5 _ 



(Z-4)e 2 

4«v 5 2 ITm/fc 



+ 



3ft : 



Zm t r?r 3 



J 



e 



J 



(13.921) 



* 1 ' 

Substitution of v 5 = (Eq. (1.56)) and s = - into Eq. (13.921) gives: 

2 



ft 2 (Z-4)e 2 



3 4?H> 0 r 5 2 127W 4 r 5 2 r 3 \ 4 



3 

— + 



3ft 2 fj [ Z-5 " 
Zw,r 5 V 3 V4 Lz-4. 



' V2l 
1-— 

v 2 J 



r s 4 w e 



20 



(13.922) 



The quadratic equation corresponding to Eq. (13.922) is 
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ti- 
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(Z-4)e 2 ( 1 l\ h 
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4)e 2 | 




3^ 


ft 2 




, 4rcs 0 1 


,12 


z) 


m,r 3 





= 0 



The solution of Eq. (13.923) using the quadratic formula is: 



r 



a 



0 



(Z-4)- 



,12 .zj2r 3> 



1 




(13.923) 



(13.924) 



/j in unite of a 0 

t 

5 The positive root of Eq. (13.924) must be taken in order that r 5 >0. Substitution of 



r 3 _ 



= 0.69385 (Eq. (10.62) with Z = 7) into Eq. (13.924) gives 



r 3 =0.74841a 0 



■ I 



(13.925) 



FORCE BALANCE OF THE 2p SHELL OF THE OXYGEN ATOM OF THE 

> 

10 NITRIC OXIDE RADICAL 

For the O atom, force balance for the outermost 2 p electron of NO (electron 6) is achieved 'i 
between the centrifugal force and the Coulombic and magnetic forces that arise due to if 

* ■ 

interactions between electron 6 and the other 2 p electron as well as the 2s -shell electrons 
due to spin and orbital angular momentum. The forces used are derived in the Eight-Electron 
15 Atoms section. The central Coulomb force on the outer-most 2p shell electron of NO 

(electron 6) due to the nucleus and the inner five electrons is given by Eq. (10.70) with the 
appropriate charge and radius: 



* 4^ 0 r 6 2 '< 



(13.926) 
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for r > r 5 The 2p shell possess an external electric field of +2 given by Eq. (10.92) for 
r > r 6 . The energy is minimized with conservation of angular momentum. This condition is 
met when the diamagnetic force, V aanagnet/e , of Eq. (10.82) due to the p -orbital contribution 
is given by: 



diamagpettc 



3j 



V4y+l)i r = 



2ft' 



3. 



(13.927) 



And, F 2 corresponding to the conserved spin and orbital angular momentum given by 



Eqs. (10.157) and (13.670) is 

1 2h 2 



mag 2 7 _2_ 



V^+l)i r 



(13.928) 



The electric field external to (he 2/7 shell given by Eq. (10.92) for r > r 6 gives rise to 
10 a second diamagnetic force, 2 , given by Eq. (10.93). F danagw , /C 2 due to Ihe binding 

of the p-orbital electron having an electric field of +2 outside of its radius is : 



diamagnetic 2 



4 



Z-6 
Z-5 



r 



1- 



r 3 /i 



T 10^+l)i r 



(13.929) 



In addition, the contribution of two 2p electrons in the formation of the a MO gives 

- 

rise to a paramagnetic force on the remaining paired 2p electrons. The force F^g 3 is given 



15 by Eq. (13.625) wherein the radius is r 6 : 



mag3 4m e r? 



V^ + l)i, 



(13.930) 



The radius of the 2p shell is calculated by equating the outward centrifugal force to 

■ ■ i ■■ ■ 

the sum of the electric (Eq. (13.926)) and diamagnetic (Eqs. (13.927) and (13.929)), and 
paramagnetic (Eqs. (13.928) and (13.930)) forces as follows: 



20 
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Zw e r 6 r 3 



V 



Z-6 
Z-5 



1 
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(13.931) 



Substitution of v, = 



h (Eq. (1 .56)) and s = - into Eq. (13.93 1) gives: 



"3 (Z-5)e 2 2ft; 



4»y 6 V 4 




13 



4^ 0 r 6 2 12»y 6 V 3 )f4 Z/w, 
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The quadratic equation corresponding to Eq. (13.932) is 

n 2 



rl- 



m. 



1- 
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(Z-5)e : 



(2 2\ti 



12 Z)m e r 3 \4 
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= 0 



J 



The solution of Eq. (13.933) using the quadratic formula is: 
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(Z-5)- 
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f 2_ _2\j2. 
,12 Zj2r 3 j 



±a r 



1- 
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(Z-5) 



r 3 in unite o/" a 0 



(13.932) 



(13.933) 



(13.934) 



The positive root of Eq. (13.934) must be taken in order that r 6 >0. Substitution of 
-S- = 0.59020 (Eq. (10.62) with Z = 8) into Eq. (13.934) gives 



r 6 - 0.70460o 0 



(13.935) 



10 ENERGIES OF THE 2p SHELLS OF THE NITROGEN ATOM AND 
OXYGEN ATOM OF THE NITRIC OXIDE RADICAL 

With the formation of the H 2 -type MO by the contribution of two 2p electrons from each of 

the N and O atoms, the total energy of the NO molecule, which is subtracted from the sum 
of the energies of the nitrogen and oxygen atoms to determine the bond energy, is increased 
15 by the ionization energies of N* and O* given by Eqs. (10.132-10.133) and (10.152- 
10.153), respectively. Experimentally, the energies are [6] 

EiionizaHon; N + ) = 29.6013 eV (13.936) 

Eiionization; O*) = 35.1 1730 eV (13.937) 
In addition, the central forces on the 2p shells of the N and O atoms are increased 
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with the formation of the a MO which reduces each shell's radius and increases its total 
energy. The Coulombic energy terms of the total energy of the N and O atoms at the new 
radii are calculated and added to the ionization energies of N* and 0 + , and the energy of the 
a MO to give the total energy of NO. Then, the bond energy is determined from the total 
5 NO energy. 

The radius r 7 of the nitrogen atom before bonding is given by Eq. (10.142): 

r 7 = 0.93084a, (13i938) 

Using the initial radius r 7 of theW atom and the final radius r 5 of the N2p shell (Eq. 
(13.925)) and by considering that the central Coulombic field decreases by an integer for 
10 each successive electron of the shell, the sum E T (N,2p) of the Coulombic energy change of 

■ • 

the N2p electrons ofthe AT atom is determined using Eq. (10.102): 



2 f + +\ 



1 1 



= -(13.60580 e^)(0.26186)(3) (13.939) 
= -10.68853 eV 

The radius r 8 of the oxygen atom before bonding is given by Eq. (10 .162): 

r * = a o (13.940) 

■ 

15 Using the initial radius r 8 of the O atom and the final radius r 6 of the 02 p shell (Eq. 
(13.935)) and by considering that the central Coulombic field decreases by an integer for 
each successive electron of the shell, the sum E T (0,2p) of the Coulombic energy change of 
the 02p electrons of the O atom is determined using Eq. (10.102): 



B r {0.2p)—£<£?&. 



K r 6 hj 



n=4 8;z£ 0 

= -(13.60580 eF)(0.41925)(3 + 4) (13.941) 
= -39.92918 eV 

20 

FORCE BALANCE OF THE a MO OF THE NITRIC OXIDE RADICAL 

The force balance can be considered due to a second pair of two electrons binding to a 
molecular ion having +2e at each focus and a first bound pair. Then, the forces are the same 
as those of a molecule ion having +e at each focus. The diamagnetic force F rfflmfl ^ e//cA/c?1 for 
25 the a -MO of the NO molecule due to the two paired electrons in the 02p shell is given by 
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F 



diamagneticMOX 2m Cl^b^ 

0 



(13.942) 



of the nitric oxide radical comprising nitrogen with charge Z, =7 and |X]| = fi 



md W = V 4 md ox yg en with Z 2 = 8 and j/J = % is given by the corresponding sum of the 



5 contributions. Using Eq. (13.835), F^,^, for NO is 



diamagncticMOl 



1 




Z x Z x Z 2 







1 




z 2 


2m e a 2 b 2 



Di 



(13.943) 



The general force balance equation for the cr-MO of the nitric oxide radical given by Eqs. 
(1 1 .200), (13.633-13.634), and (13.942-13.943) is the same as that of CN (Eq. (13.836)): 



2t2 



m e a b 



%ns a ab 



2m e a 2 b 2 



D- 



i , 1 \4 1 
1+ — + J - ! -+ — 

Z, Z, Z 2 



ft 3 



2m e a 2 6 2 



D 



(13.944) 



10 



h £)=. f -D- 



2r2 



m t a b 



%7ts Q afr 



1 




Zj Zj Z 2 







1 


a 2 


z 2 


2m e a 2 b 2 



D 



(13.945) 




„ 1 V4 1 

2+ — 

z, z, z 2 



2i2 



2m a b 



D = 



$7rs 0 ab' 



D 



(13.946) 



a = 




^1 ^1 ^2 



<ar. 



(13.947) 



Substitution of Z, = 7 and Z 2 = 8 into Eq. (13.947) gives 
a = 2.391 58a 0 = 1.26557 X 10"' 0 m 
1 5 Substitution of Eq. (1 3 .948) into Eq. (1 1 .79) is 
c' = 1.09352a 0 = 5.78666 JST 10"" m 
The internuclear distance given by multiplying Eq. (13.949) by two is 



(13.948) 



(13.949) 
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2c' = 2. 18704o 0 =1.15733 X 10 -10 m (13.950) 
The experimental bond distance is [28] 

2c' = 1.1 5077 X lO -10 m (13.951) 
Substitution of Eqs. (13.948-13.949) into Eq. (11.80) is 
5 6 = c = 2.12693o 0 = 1.12552 X 10" 10 m (13.952) 

Substitution of Eqs. (13.948-13.949) into Eq. (11.67) is 

e = 0.45724 (13.953) 
Using the electron configuration of NO (Eq. (13.916)), the radii of the Nls = 0.14605a 0 (Eq. 
(10.51)), #2s = 0.69385O, (Eq. (10.62)), N2p = 0.7484 lo 0 (Eq. (13.925)), 0L? = O.12739o o 
10 (Eq. (10.51)), 02^ = 0.590200,, (Eq. (10.62)), and O2/> = 0.70460o 0 (Eq. (13.935)) shells 

^ * * * » 

and the parameters of the cr MO of NO given by Eqs. (13.3-13.4), (13.948-13.950), and 

*-,._-..'. * 

(13.952-13.953), the dimensional diagram and charge-density of the NO MO are shown in 
Figures 3 1 and 32, respectively. 

15 SUM OF THE ENERGIES OF THE a MO AND THE AOs OF THE NITRIC 
OXIDE RADICAL 

The energies of the NO ■ cr MO are given by the substitution of the semiprincipal axes (Eqs. 
(13.948-13.949) and (13.952)) into the energy equations (Eqs. (11 .207-1 1 .212)) of H 2 except 

that the terms based on charge are multiplied by four and the kinetic energy term is multiplied 
20 by two due to the a -MO double bond with two pairs of paired electrons: 

. K=2 2 -f; fa '+fEjl = -98.30623 eV ' (13.954) 
Ueja 2 -b 2 a-yja 2 -b 2 



e 



2 



V p = 2 2 = 49.76880 eV (13.955) 

875£ 0 VO^ -b 

T = 2 ^ r = T ln^(^£ = 10.27631 eV (13.956) 

2m e a<Ja 2 -b 2 a-sja 2 -b 2 

' 

V m =2 2 -f 2 ln O + f^ = -10.27631 eV (13.957) 
4m e a-Ja 2 -b 2 a-y}a 2 -b 2 

25 E T =V,+T+V a + V p (13.958) 

Substitution of Eqs. (1 1.79) and (13.954-13.957) into Eq. (13.958) gives 
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E T (N0 9 a) = 



- e' 



8^0 A 



8 In y=- --4 
I V 2 J 



= -48.53743 eV 



(13.959) 



where E T (NO,o) is the total energy of the cr MO of MX The total energy of NO, 

t 

Bp {NO), is given by the sum of Eiionization; iV + ), the energy of the second electron of 
nitrogen (Eq. (13.936)) donated to the double bond, E(ionization; O*), the energy of the 
5 second electron of oxygen (Eq. (13.937)) donated to the double bond, E T (N,2p), the N2p 
AO contribution due to the decrease in radius with bond formation (Eq. (13.939)), 
E T {0,2p), the 02p AO contribution due to the decrease in radius with bond formation 
(Eq. (13.941)), and Ej. {NO,<t), the a MO contribution given by Eq. (13.959): 



E T (NO) = 



' EQonization; N+) + E(ionization; 0 + ) > 
+B, (N,2p)+E T (0,2p)+E T (NO,a)j 

_ ( 29.6013 eF+35.1 1730 eV 
~ ^-10.68853 eK-39.92918 eK-48.53743 eV ) 
= -34.43653 eV 



(13.960) 



10 



VIBRATION OF NO 



The vibrational energy levels of NO may be solved by determining the Morse potential 
curve from the energy relationships for the transition from a N atom and O atom whose 
parameters are given by Eqs. (10.134-10.143) and (10.154-10.163), respectively, to a N 

15 atom whose parameter r 5 is given by Eq. (13.925), an O atom whose parameter r 6 is given 
by Eq. (13.935), and the a MO whose parameters are given by Eqs. (13.948-13.950) and 
(13.952.-13.953). As shown in the Vibration of Hydrogen-type Molecular Ions section, the 
harmonic oscillator potential energy function can be expanded about the intemuclear distance 
and expressed as a Maclaurin series corresponding to a Morse potential after Kaiplus and 

20 Porter (K&P) [15] and after Eq. (1 1 .134). Treating the Maclaurin series terms as anharmonic 
perturbation terms of the harmonic states, the energy corrections can be found by perturbation 
methods. 
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THE DOPPLER ENERGY TERMS OF THE NITRIC OXIDE RADICAL 

The equations of the radiation reaction force of nitric oxide are the same as those of H, with 
the substitution of the NO parameters except that there is a factor of four increase in the 
central force in Eq. (11.231) due to the double bond. Using Eqs. (11.231-11.233) and 
5 (13.901), the angular frequency of the reentrant oscillation in the transition state is 

4e 2 



«- tf— r~ =2.23557* 10 16 rod Is (13.961) 



where a is given by Eq. (13.948). The kinetic energy, E K , is given by Planck's equation 
(Eq. (11.127)): 

E K = fi(o = #2.23557 X 10 16 radl s = 14.71493 eV (13.962) 
10 In Eq. (11.181), substitution of E T (NO) for E hti the mass of the electron, m e , for M , and 

the kinetic energy given by Eq. (13.962) for E K gives the Doppler energy of the electrons of 
the reentrant orbit: 



■= ■„ 2E K r , \2e(\4.7U93 eV) 
° S ^VMf = ~ 34 ' 43653 eV J mc 2 = -0-26134 eV (13.963) 

In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
15 transition state at their corresponding frequency. The decrease in the energy of the NO MO 
due to the reentrant orbit in the transition state corresponding to simple harmonic oscillation 
of the electrons and nuclei, , is given by the sum of the corresponding energies, E D given 
by Eq. (13.963) and E Kvib9 the average kinetic energy of vibration which is 1/2 of the 
vibrational energy. Using the experimental NO a> e of 1904.20 c/w"' (0.23609 eV) [28] for 
20 E Kvtb of the transition state, E'^. (NO) per bond is 

E'o* {NO) = E D + E Kylb = E D +h S- (13.964) 

E'oA NO ) = -0.26134 eV+Uo.23609eV) = -0.14329 eV (13.965) 

Since the cr MO bond is a double bond with twice a many electrons as a single bond, 
E ^ (NO) is multiplied by two to give 

25 E osc [NO) = -0.28658 eV (13.966) 
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TOTAL AMD BOND ENERGIES OP THE NITRIC OXIDE RADICAL 
e t+osc( no )> toe total energy of NO including the Doppler term, is given by the sum of 
E T (NO) (Eq. (13.960)) and E osc (NO) given by Eq. (13.966): 



V e + T + K+ v P + EQonization; N + ) + EQonization; O*)^ 
[+E T (N, 2p) + E T (O, 2p) + E^ (NO) 

f E T [NO,<r)+E(ionization; N*)+E(ionization; O+f 
[+E T (N, 2p) + Ej. (O, 2p) + E m (NO) 
= E T (NO) + E OJC (NO) 

\( 



Et+o*(NO) = 



8b "-# 



-4 



J 



+E (ionization; N + )+E (ionization; 0 + ) 



W.n=4 



h (Z-n)e 



K r 5 r 7y 



0,n=4 



(Z-n)e : 



r 



1 1 



\ r 6 hjj 



n 



2^ 


\ 4e 2 


\4ne 0 a* 







r 



+ 2 



v 



= -34.43653 e^-2(0.26134 eV)+2 



(13.967) 



(13.968) 



(13.969) 



10 



From Eqs. (13.966-13.968), the total energy of the NO MO is 

£r +a « (M?) = -34.43653 eV+E^ (NO) 
= -34.43653 eV+ (-0.28658) 
= -34.72312 eV 

where the experimental co e was used for the h \— term. 

The NO bond dissociation energy, E D (NO), is given by the difference between the 
sum of the energies of the N and O atoms and E T+0SC (NO) : 

E D (NO) = E (N) + S(0)- E r+mc (NO). 
where the energy of a nitrogen atom is [6] 



(13.970) 
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(13.871) 



E(N) = -14.53414 eV 
and the energy of an oxygen atom is [6] 

E(0) = -13.61 806 eV (13.972) 

Thus, the NO bond dissociation energy, E D (NO), given by Eqs. (13.969-13.972) is 

E D (NO) = -(14.53414 eF + 13.61806 eV)~ E T + osc {NO) 
5 =-28.15220 e7 -(-34.723 12 eK) (13.973) 

= 6.57092 eV 

The experimental NO bond dissociation energy is [49] 

E D29S (NO) = 6.5353 eV (13.974) 

i 

The results of the determination of bond parameters of NO are given in Table 13.1. The 
calculated results are based on first principles and given in closed-form, exact equations 
10 containing fundamental constants only. The agreement between the experimental and 
calculated results is excellent. 



Table 13.1. The calculated and experimental bond parameters of H+ , D 3 + , OH , OD , H 2 0 , 
D 2 0, NH y ND 9 NH 2 , ND Z , NH^ #D 3 > CH , CD> CH 29 CH y , CH 49 N 2 > 0 29 F 2> Cl 29 
15 CN, C0 9 and NO. 



Parameter 


Calculated 


Experimental 


Ret for Exp 


//j Bond Energy 


4.373 eV 


4.373 eV 


8 


* 

Dl Bond Energy 


4.374 eV 






OH Bond Energy 


4.4104 eV 


4.4117 eV 


22 


OD Bond Energy 


4.4687 eV 


4.454 eV 


23 


OH Bond Length 


0.971651 A 


0.971 A 


13 


OD Bond Length 


0.971651 A 


0.971 A 


13 


OH Vibrational Energy 


0.4367 eV 


0.4424 eV 


16-17 


OD Vibrational Energy 


0.3219 eV 


0.3263 eV 


16-17 


OH G) t 


3696.38 cm' 1 


3735.21 cm 1 


14 


OD o> e 


2689.51 cm 1 


2720.9 cm" 1 


14 


OH <o e x t 


87.18 cm' 1 


82.81 cm' 1 


14 


OD <o e x t 


46.75 cm" 1 


442 cm' 1 


14 


OH B e 


18.835 cm' 1 


18.871 cm' 1 


14 
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Parameter 


Calculated 


Experimental 


Ref, for Exp. 


OD B e 


9.971 cm" 1 


10.01 cm 


1 A 

14 


ti 2 U Bond Energy 


5,1059 eV 


j.uyyi ev 




L> 2 C? Bond Energy 


5.178 eV 


5.191 ev 


•11 CIO 


i/ 2 0 0-# Bond Length 


/\ An « r« A X 

0.971574 A 


A OTA J- A Aft^ A 


Od 


Z/ 2 C/ O—D Bond Length 


a ooi A A 
0.9713/4 A 


ft 07ft -1- ft ftftS A 




# 2 <? J7-// Distance 


1.552 A 


t €C _L A A1- A 

1.55 ± U.Ul A 


1^ 


D 2 C> Z>-Z? Distance 


1.552 A 


1.55 ± 0.01 A 


13 


H 2 0 Bond Angle 


106° 


106° 


23 


ZX0 Bond Angle 


106° 


106° 


23 


NH Bond Energy 


3.47530 eV 


3.47 eV 


30 
* 


ND Bond Energy 


3.52556 eV 


3.5134 eV 


31 


7VH Bond Length 


1.04262 A 


1.0362 A 


28 


JVD Bond Length 


1.04262 A 


1.0361 A 


28 


NH Vibrational Energy 


0.38581 eV 


0.38752 eV 


28 


ND Vibrational Energy 


0.28583 eV 


• 

0.28690 eV 


28 




3284.58 cm" 1 


3282.3 


zo 




2398.72 cm" 1 


2398 cm*" 1 






86.37 cm' 1 


78.4 cm 


OR 

ZO 




41 AO cm x 


42 cm 


9X 




16.495 cm' 1 


16.993 cm 


OR 




8.797 cm" 1 


8.7913 cm 




JSTi? 2 Bond Energy 


3.9323 eV 


,?.y4oi ev 




ND 2 Bond Energy 


3.9401 eV 


<•> A2£0 aA7 

5.y3oz ev 




Mj 2 Bond Length 


1.U4ZOZ A 


1 .UZ*f U A 


Jib 


/VjD 2 Bond Length 


1.04262 A 






NH 2 Bond Angle 


105.97 


103.3° 


32 


ND 2 Bond Angle 


105.97 






NH y Bond Energy 


4.57913 eV 


4.60155 eV 


37 


jvD 3 Bond Energy 


4.64499 eV 


4.71252 eV 


37 
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Parameter 


Calculated 


Experimental 


Ret: for Exp. 


NH Z Bond Length 


1.0368 A 


1.012 A 


32 


ND 3 Bond Length 


1.0368 A 






NH 3 Bond Angle 


106.67 


106.67° 


36 


ND, Bond Angle 


106.67 


106.70 


36 


CfiT BondEnerev 


3.47404 eV 


3.47 eV 


14 


CD Bond Bnergy 


3.51673 eV 


3.52 eV 


14 


CH Bond Length 


1.1183 A 


1.1198 A 


14 


CD Bond Length 


1.1183 A 


1.118A 


14 


CH Vibrational Energy 


0.33879 eV 


0.33885 eV 

i 


14 


CD Vibrational Energy 


025173 eV 


0.25189 eV 


14 . 




2865.86 cm 1 


2861.6 cm~ l 


14 


CD a> e 


2102.97 cm 1 


2101.0 cm' 1 


1 A 

14 




66.624 cm 


-i 

64.3 cm 


14 




36.335 cm 


_i 

34.7 cm 


1 A 

14 


CH B e 


14.498 cm 


14.457 cw" 1 


1 A 

14 


CD B e 


7.807 cw 1 


7.808 cm 


1 .A 

14 


CH 2 Bond Energy 


4.36968 eV 


4.33064 eV 


39 


CH 2 Bond Length 

■ • 


1.1067 A 


1.111 A 


38 


C/f 2 Bond Angle 


10022 


1 (\*^ AO 

102.4° 


38 


C77 3 Bond Energy 


4.70075 eV 


4,72444 eV 


40 


CH 3 Bond Length 


1.1029 A 


1 ATA S 

1.079 A 


no 

38 


Cif 3 Bond Angle 


100.70° 






C/f 4 Bond Energy 


4.4900 eV 


. A ft A S' A t T 

4.48464 eV 


40 


C# 4 Bond Length 


1.1010 A 


1.087 A 


A 1 

41 


Cif 4 Bond Angle 


109.5° 


109.5° 


41 


i\f 2 Bond Energy. 


9.71181 eV 


9.756 eV 


43 


7V 2 Bond Length 


1.0955 A 


1.094 A 


43 

\ 


(9 2 Bond Energy 


5.10711 eV 


5.11665 eV 


46 


0 2 Bond Length 


1.20862 A 


120752 A 


28 
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Parameter 


Calculated 


Experimental 


Ref. for Exp. 


-T 2 oondbnergy 


rife a Jr M V 4» 

1.62168 eV 


1.606 eV 


48 


ff Dr>n^ T onrrfVi 

1*2 uona.Lengin 


1.41114 A 


1.41193 A 


28 




2.52236 ev 


2.51412 eV 


49 


C/ 2 Bond Length 


1.988 A 


1.988 A 


28 


c/ 2 © e 


538.52 cm" 1 


559.7 cm' 1 


28 


C/ 2 a> e x e 


3.41 cm" 1 


2.68 cm" 1 


28 


Cl 2 B e 


0.2420 cm" 1 


0.2440 C7W*" 1 


28 


CN Bond Energy 


7.77526 eV 


7.7731 eV 




Oiv tsona Length 


1.17231 A 


1.17181 A 

♦ ■ 


28 


CO Bond Energy 


11.16652 eV 


11.15696 eV 


49 . 


CO Bond Length 


1.13290 A 


1.12823 A 


28 


. . NO Bond Energy 


6.57092 eV 


6.5353 eV 


49 


//O Bond Length 


1.15733 A 


1.15077 A 


28 
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Section III 

MORE POLYATOMIC MOLECULES AND HYDROCARBONS 

Additional polyatomic molecules can be solved using the same principles as those used to 

5 solve hydrogen molecular ions and molecules wherein the hydrogen molecular orbitals (MOs) 
and hydrogen atomic orbitals serve as basis functions for the MOs. The MO must (1) be a 
solution of Laplace's equation to give a equipotential energy surface, (2) correspond to an 
orbital solution of the Newtonian equation of motion in an inverse-radius-squared central 
field having a constant total energy, (3) be stable to radiation, and (4) conserve the electron 

10 angular momentum of % . Energy of the MO must be matched to that of the outermost atomic 
orbital of a bonding heteroatom in the case where a minimum energy is achieved with a direct 
bond to the AO. Alternatively, the MO is continuous with the AO containing paired electrons 
that do not particpate in the bond. Rather, they only provide a means for the energy matched 
MO to form a continuous equipotential energy surface. In the case that an independent MO is 

15 formed, the AO force balance causes the remaining electrons to be at lower energy and a 
smaller radius. In another case, the atomic orbital may hybridize in order to achieve a bond at 
an energy minimum, and the sharing of electrons between two or more such orbitals to form a 
MO permits the participating hybridized orbitals to decrease in energy through a decrease in 
the radius of one or more of the participating orbitals. Representative cases were solved. 

20 Specifically, the results of the determination of bond parameters of carbon dioxide (C0 2 ), 

nitrogen dioxide (N0 2 \ ethane (CH 3 CH 3 \ ethylene (CH 2 CH 2 ), acetylene {CHCH), 
benzene (C 6 i/ 6 ), propane (C 3 7f 8 ), butane (C 4 H l0 \ pentane (C 5 H l2 ), hexane (C 6 H U ), 
heptane (C 7 # 16 ), octane (C 8 # 18 ), nonane (C^), decane (C 10 7/ 22 ), undecane (C n tf 24 ), 
dodecane (C U H 26 ), and octadecane (C I8 # 38 ) are given in Table 14.1. The calculated results 

25 are based on first principles and given in closed-form, exact equations containing 
fundamental constants only. The agreement between the experimental and calculated results 
is excellent. 

CARBON DIOXIDE MOLECULE 

30 The carbon dioxide molecule can be formed by the reaction of carbon monoxide and an 
oxygen atom: 



co+o^>co 2 
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(14.1) 

Each equivalent bond in the carbon dioxide molecule comprises a double bond that is energy- 
matched to the filled C2s orbital. Each such bond comprises 75% of a H 2 -type MO with 
four paired electrons as a basis set such that three electrons can be assigned to each C = O 
5 bond. Thus, the two C2p electrons combine with the four 02p electrons, two from each 
O, as a linear combination to form the two C = 0 bonds of C0 2 . The force balance 
equation and radius r 8 of the 2p shell of O is derived in the Eight-Electron Atoms section. 
With the formation of the # 2 -type MOs by the contribution of two 2p electrons from each 
of the two O atoms, a factor of two increase of the central field on the remaining 02 p 
10 electrons arises. The resulting increased Coulombic as well as magnetic central forces 
decrease the radii of the 02 p shells such that the energy minimum is achieved that is lower 
than that of the reactant atoms. The resulting electron configuration of C0 2 is 
Cl^O 1 l5 2 O 2 l5 2 C2^ 2 O l 25 2 0 2 25 2 0 1 2p 2 (9 2 2/a4 >CA where the subscripts designate the O 
atom, 1 or 2, a designates the H 2 -type MO, and the orbital arrangement is 

a state 

tui tl 

2p state 

U U 



0 

15 



2s state 

n n 



(14.2) 



Is state 

u t4, n 



o c o 

Carbon dioxide is predicted to be diamagnetic in agreement with observations [1]. 

FORCE BALANCE OF THE 2p. SHELL OF THE OXYGEN ATOM OF THE 
CARBON DIOXIDE MOLECULE 
20 For each O atom, force balance for the outermost 2p electron of C0 2 (electron 6) is 
achieved between the centrifugal force and the Coulombic and magnetic forces that arise due 



F 

diamagnetic 
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to interactions between electron 6 and the other 2p electrons as well as the 2s -shell 
electrons due to spin and orbital angular momentum. The forces used are derived in the 
Eight-Electron Atoms section. The central Coulomb force on the outer-most 2p shell 
electron of CO (electron 6) due to the nucleus and the inner five electrons is given by Eq. 
5 (10.70) with the appropriate charge and radius: 

for r > r s The 2p shell possess a +2 external electric field given by Eq. (10.92) for r > r 6 . 
The energy is minimized with conservation of angular momentum. This condition is met 
when the diamagnetic force, F aama&ieiie , of Eq. (10.82) due to the p -orbital contribution is 

10 given by: 

where *=l/2. And, 2 corresponding to the conserved spin and orbital angular 
momentum given by Eq. (10.157) is 

F -IJ*/^M)i r (14.5) 

1 5 The electric field external to the 2 p shell given by Eq. (10.92) for r > r 6 gives rise to 

a second diamagnetic force, ^ dlanmgneec 2 , given by Eq. (10.93). V dlamagmtlc 2 due to the binding 
of the p-orbital electron having an electric field of +2 outside of its radius is : 

E. . ,=-[— ifl-— )^TlQj^Vji t (14-6) 
^' c2 lZ-5]{ 2 )m e r* VV 1 

The radius of the 2p shell is calculated by equating the outward centrifugal force to 
20 the sum of the electric (Eq. (14.3)) and diamagnetic (Eqs. (14.4) and (14.6)), and 
paramagnetic (Eq. (14.5)) forces as follows: 

( 

Ws+l)-\— ' 



r 6 Ane^l 12/w e r 6 2 r 3 ^ e r e r 3 L^-5J^ 2 Jr { m, 



(14.7) 



A 1 

Substitution of v 6 = (Eq. (1.56)) and s = - into Eq. (14.7) gives: 

w e r 6 2 
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ff AZ-Sje* 2h 2 13 

12m e r?r 3 Y4 + Z« 



2ft 2 (3 [Z-6]f >£W |J 
iyM4 Lz-sJt 1 2 J^ 10 ^ 



(14.8) 



The quadratic equation corresponding to Eq. (14.8) is 



ti 



m. 



r 6 "7 



(Z-5)e' 
4m n 



_(2_ 2\ n 1 (£ 

[l2 zjm.rj^ 



r 6~ 



n 2 [z-6' 


r 

1- 


4? 






( (Z-5)e 2 


r 2 


2^ 


ft 3 






,12 




w c r 3 \ 


S) 



= 0 



(14.9) 



5 The solution of Eq. (14.9) using the quadratic formula is: 



a, 



(Z-5)- 



2 2 



U2 Zj 



2r, 



1 



\2 



(Z-5)-| 

' 12 Zj2r 3 j 



1- 



n 



(14.10) 



>*6 



r 3 in units of a 0 

The positive root of Eq. (14.10) must be taken in order that r 6 >0. Substitution of 



= 0.59020 (Eq. (10.62) with Z = 8) into Eq. (14.10) gives 
r 6 = 0.74776o 0 



(14.11) 



10 



ENERGIES OF THE 2s AND 2p SHELLS OF THE CARBON ATOM AND 
THE 2p SHELL OF THE OXYGEN ATOMS OF THE CARBON DIOXIDE 
MOLECULE 

Consider the determination of the total energy of C0 2 from the reaction of a carbon atom 
15 with two oxygen atoms. With the formation of the # 2 -type MO by the contribution of two 
2p electrons from the C atom, the remaining outer-shell atomic electrons comprise the 2s 
electrons which are unchanged by bonding with two oxygen atoms. However, the total 
energy of the C0 2 molecule, which is subtracted from the sum of the energies of the oxygen 
atom and carbon monoxide molecule to determine the O - CO bond energy, is increased by 
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the ionization energies of C, C + , 0, and 20+ given by Eqs. (14.12-14.15), respectively. 
Experimentally, the energies are [2] 

E(ionization\ C) = 11.26030 eV (14.12) 

EQonization; C + ) = 24.38332 eV (14.13) 
5 EQomzation; O) = 13.61806 eV (14.14) 

EQonization; 0 + ) = 35.1 1730 eV (14.15) 
In addition, the central forces on the 2p shell of the O atom are increased with the 
formation of the or MO which reduces the shell's radius and increases its total energy. The 
Coulombic energy terms of the total energy of each O atom at the new radius are calculated 
10 and added to the ionization energies of C, C + , O, and 20 + , and the energy of the cr MO to 
give the total energy of C0 2 . Then, the bond energy is determined from the total CO. 
energy. 

The radius r 8 of each oxygen atom before bonding is given by Eq. (10.162): 
>i="o (14.16) 
15 Using the initial radius r g of each O atom and the final radius r 6 of the 02p shell (Eq. 
(14.11)) and by considering that the central Coulombic field decreases by an integer for each 
successive electron of the shell, the sum £,.(0,2/?) of the Coulombic energy change of the 
02p electrons of each O atom is determined using Eq. (10.102): 



2 



E T (0,2 P ) = -±Vf!*- 



\ r 6 . r tJ 



= -(13.60580 e7)(0.33733)(3+ 4) (14.17) 
=-32.12759 eV 

20 

FORCE BALANCE OF THE a MO OF THE CARBON DIOXIDE 
MOLECULE 

As in the case of H 1 , the a MO is a prolate spheroid wilh the exception that the ellipsoidal 

> 

MO surface cannot extend into the C atom for distances shorter than the radius of the C2s 
25 shell; nor, can it extend into the O atom for distances shorter than the radius of the 02p 
shell. Thus, the MO surface of each C = 0 bond comprises a prolate spheroid that bridges 
and is continuous with the 2s and 2 p shells of the O and C atoms whose nuclei serve as 
the foci. The energy of each prolate spheroid is matched to that of the C2s and 02p shells. 
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As in the case of previous examples of energy-matched MOs such as OH and NH , the 
C = 0-bond MO must comprise 75% of a H 2 -type ellipsoidal MO in order to match 
potential, kinetic, and orbital energy relationships. However, the paired electrons of the C2s 
and 02p shells are not involved in bonding. Rather, the AOs permit a continuous surface 

5 comprising the two C = O -bond MOs having six paired electrons, two from each of the C 
and the two O atoms: 



2(0.75 H 2 MO)->C0 2 MO (14.18) 

10 The force balance of the C0 2 MO is determined by the boundary conditions that arise from 

the linear combination of orbitals according to Eq. (14.18) and the energy matching condition 

between the carbon and oxygen components of the MO. 

Similar to the OH and H 2 0 cases given by Eqs. (13.57) and (13.162), the # 2 -type 

ellipsoidal MO comprises 75% of the C0 2 MO; so, the electron charge density in Eq. (1 1 .65) 
15 is given by -0.75e. Thus, k' of the each H 2 -type-ellipsoidal-MO component of the C0 2 

MO is given by Eq. (13.59). The distance from the origin of each C = O -bond MO to each 

focus c' is given by Eq. (13.60). The internuclear distance is given by Eq. (13.61). The 

length of the serniminor axis of the prolate spheroidal C = O -bond MO b = c given by Eq. 

(13.62). The eccentricity, e, is given by Eq. (13.63). Then, the solution of the semimajor 
20 axis a allows for the solution of the other axes of the prolate spheroidal and eccentricity of 



the C0 2 MO. 



The energy components of V e , V p B T, V m , and E T of the C0 2 a MO are the same as 

those of OH given by Eqs. (13.67-13.73), except that the terms based on charge are 
multiplied by four and the kinetic energy term is multiplied by two due to each cr -MO double 
25 bond: 

where E T (C = 0, a) is the total energy of each C = 0 or MO of C0 2 . The total energy of a 
# 2 -type ellipsoidal MO is given by Eqs. (11.212) and (13.75). A minimum energy is 
obtained when each double bond of the cr MO of C0 2 comprises the energy equivalent of 
30 four H 2 -type ellipsoidal MOs. For each C = (9 bond to match the energy of the C2s orbital, 
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the ionization energy of C and C + (Eqs. (14.12-14.13)) must be added for each bond of the 
double bond. Thus, the total energy of each C = O -bond MOs is 



E T (C = 0,a) = 2 



( r 
2 



e 



2 



\ r- 



>/2-l 



+E(ionization; C) + EQonization; C + ) 
= 2(2 (-31. 6353683 leV)+ 11. 26030 eV+ 24.38332 eV) 
= -55.25423 eV ■ 

E T (C = 0,a) given by Eq. (14.19) is set equal to Eq. (14.20): 



(14.20) 



4e : 



(3\ a+c' 1 

- In ^--1 =e55.25423 eV 

\2) a-c' J 



(14.21) 



From the energy relationship given by Eq. (14.21) and the relationship between the axes 
given by Eqs. (13.60-13.63), the dimensions of the CQ 2 MO can be solved. 
Substitution of Eq. (13.60) into Eq. (14.21) gives 



E T [C = 0,<x) = 



4e' 



8^ 0 < 2aa ° 



(3 
2 



v 



\2aa a 



-1 



= e55.25423 eV 



(14.22) 



10 The most convenient way to solve Eq. (14.22) is by the reiterative technique using a 
computer. The result to within the round-off error with five-significant figures is 

(14.23) 



cr = 1.80703a 0 = 9.56239 X 10"" m 



Substitution of Eq. (14.23) into Eq. (13.60) is 

e' = 1.09758o 0 =5.8081 5 X 10"" w 

1 5 The internuclear distance given by multiplying Eq. (14.24) by two is 

2c' = 2.19516a 0 =1.16163 X 10" 10 m 

The experimental bond distance is [3] 

2c' = 1.1600JSr 10" 10 m 
Substitution of Eqs. (14.23-14.24) into Eq. (13.62) is 

20 b = c m 1 .43550o 0 = 7.59636 X 10"" m 

Substitution of Eqs. (14.23-14.24) into Eq. (13.63) is 
e = 0.60740 



(14.24) 



(14.25) 



(14.26) 



(14.27) 



(14.28) 

The C and O nuclei comprise the foci of each H 2 -type ellipsoidal MO defined as 
0 = C = 0. Consider the left-hand C = O bond of the two equivalent bonds in the absence 
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of the right-hand bond. The parameters of the point of intersection of the H 2 -type ellipsoidal 
MO and the C2s AO are given by Eqs. (13.84-13.95) and (13.261-13.270). The polar 
intersection angle 8 1 is given by Eq. (13.261) where r n = r 4 = 0.84317a 0 is the radius of the 
C2s shell. Substitution of Eqs. (14.23-14.24) into Eq. (13.261) gives 
5 0' = 54.53° (I 4 - 29 ) 

Then, the angle 0 C2sAO the radial vector of the C2s AO makes with the intemuclear axis is 

0 C2sAO = 180°-54.53° = 125.47° (14.30) 
as shown in Figure 33. The distance from the point of intersection of the orbitals to the 
intemuclear axis must be the same for both component orbitals. Thus, the angle a>t = 0 ffiMO 

10 between the intemuclear axis and the point of intersection of the # 2 -type ellipsoidal MO 
with the C2s radial vector obeys the following relationship: 

r 4 sm6 C2sAO = 0.84317a 0 sin0 C2 ^ = isin^ (14.31) 

such that 

, 0.84317a 0 sin^ o ^ 0.84317^ sin 125. 47° (U 32) 

H^AO £ b 

15 with the use of Eq. (14.30). Substitution of Eq. (14.27) into Eq. (14.32) gives 

0 HjMO =28.58° (1433) 

Then, the distance d HiMO along the intemuclear axis from the origin of H 2 -type ellipsoidal 

MO to the point of intersection of the orbitals is given by 

20 Substitution of Eqs. (14.23) and (14.33) into Eq. (14.34) gives 

d HiM0 =1. 58687a 0 = 8.39737 X 10" 11 m (14.35) 
The distance d C2sA0 along the intemuclear axis from the origin of the C atom to the point of 
intersection of the orbitals is given by 

^cisAo ~ ^h^ao ~ c% (14.36) 
25 Substitution of Eqs. (14.24) and (14.35) into Eq. (14.36) gives 

d C2sA0 = 0.48929a 0 = 2.58922 X W n m (14.37) 

The C and O nuclei comprise the foci of each H 2 -type ellipsoidal MO defined as 
O = C = O . Consider the right-hand C = <? bond of the two equivalent bonds. The 
parameters of the point of intersection of the # 2 -type ellipsoidal MO and the 02 p AO are 
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given by Eqs. (13.84-13.95) and (13.261-13.270). The polar intersection angle 9' is given by 
Eq. (13.261) where r n = r 6 = 0.74776a 0 is the radius of the 02p shell. Substitution of Eqs. 
(14.23-14.24) into Eq. (13.261) gives 

0' = 30.18° (14.38) 
5 Then, the angle 0 O2pAO the radial vector of the 02p AO makes with the intranuclear axis is 

Ooimo =180°-30.18° = 149.82° (14.39) ' 

as shown in Figure 33. The distance from the point of intersection of the orbitals to the 
intemuclear axis must be the same for both component orbitals. Thus, the angle at = 0„ „ 0 

between the intemuclear axis and the point of intersection of the H 2 -type ellipsoidal MO 
10 with the 02p radial vector obeys the following relationship: 

r 6 sin 6 Q2pAO = 0.74776a 0 sin 6 02pAO = b sin 0^ (14.40) 
such that 

■ = ^ 0.74776a 0 sing O2A<o = ^ 0.74776^ sin 149.82° 

b b 
with the use of Eq. (1 4.39). Substitution of Eq. (14.27) into Eq. (14.41) gives 
15 B H ^o =15.18° (14.42) 

Then, the distance d HiU0 along the intemuclear axis from the origin of i/ 2 -type ellipsoidal 

MO to the point of intersection of the orbitals is given by 

^o=ocos^ 0 (14.43) 
Substitution of Eqs. (14.23) and (14.42) into Eq. (14.43) gives 

20 d HiMO =1.74396a 0 = 9.22862 X 10 -u m (14.44) 

The distance d 02pAO along the intemuclear axis from the origin of each O atom to the point 
of intersection of the orbitals is given by 

d 2pM=d H ,u 0 -c' (14.45) 
Substitution of Eqs. (14.24) and (14.44) into Eq. (14.45) gives 
25 d O7fUi0 = 0.64637o 0 = 3.42047 X \QT n m (14.46) 

As shown in Eq. (14.18), each C = O bond comprises a factor of 0.75 of the charge- 
density of double that of the # 2 -type ellipsoidal MO. Using the electron configuration of 

C0 2 (Eq. (14.2)), the radii of the Cls = 0.171 13^ (Eq. (10.51)), C2s = 0.84317a 0 (Eq. 

(10.62)), Ols = 0.12739a 0 (Eq. (10.51)), 02s = 0.59020a 0 (Eq. (10.62)), and 
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02p = 0.74776a 0 (Eq. (14.1 1)) shells and the parameters of the a MO of C0 2 given by Eqs. 
(13.3-13.4), (14.23-14.25), and (14.27-14.28), the dimensional diagram and charge-density of 
the C0 2 MO are shown in Figures 33 and 34, respectively. 



5 SUM OF THE ENERGIES OF THE a MO AND THE AOs OF THE 
CARBON DIOXIDE MOLECULE 

The energies of the C0 2 a MO are given by the substitution of the semiprincipal axes (Eqs. 
(14.23-14.24) and (14.27)) into the energy equations of OH (Eqs. (13.67-13.73)), except that 
the terms based on charge are multiplied by four and the kinetic energy term is multiplied by 
10 two due to each a -MO double bond: 



V=2- 



~2e' 



2)_ 

\*JUsJa 2 -b 2 a-4a 2 -b 2 



, a+Ja 2 -b 2 

In \ _ = -104.83940 eV 



(14.47) 



V =2 2 % = 

Us^a 1 -b 2 



= 49.58464 eV 



(14.48) 



T 0 f 3^1 ^ a + yla 2 -b 2 „ 

r = 2 7 7====== In ; 14.50438 

\4)2mjB>[f-l? a-Ja 2 -b 2 



(14.49) 



r M = 2 : 



U. 



Am e ayJa 2 -b 2 a-Ja 2 -b 2 



. a+-Ja 2 —b 2 

In Y* = -14.50438 <?F 



15 



E T = V e +T + V m +V p 
Substitution of Eqs. (13.60) and (14.47-14.50) into Eq. (14.51) gives 



(14.50) 



(14.51) 



E T [C = 0,<T) = V e+ T + V a +V p = 



-4e 2 



1 3 



(14.52) 



2aa* 



-1 



= -55.25476 eV 



where £ r (C = C?,cr) is the total energy of each C = O a MO of C0 2 given by Eq. (14.19) 
20 which is reiteratively matched to Eq. (14.20) within five-significant-figure round off error. 

The total energy of C0 2 , E T [C0 2 ), is given by the sum of E(ionization\ C) and 

EQonization; C + ) , the sum of the energies of the first and second electrons of carbon (Eqs. 
(14.12-14.13)) donated to each double bond, the sum of E(ionization\ O) and two times 
E{ionization\ 0+), the energies of the first and second electrons of oxygen (Eqs. (14.14- 
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14.15)) donated to the double bonds, two times E T (0,2p) , the 02p AO contribution due to 
the decrease in radius with the formation of each bond (Eq. (14.17)), and two times 
E T [C = 0,<x) , the a MO contribution given by Eq. (14.22): 

' E (ionization; C) + E(ionization; C+) + E(ionization; Of 
+2E(ionization; 0+) + 2E T {0,2p) + 2E T (C = 0,a) 

'\ 1.26030 eV + 24.38332 eV +13.61 806 eV} 
+2(35.1 1730 eF)+2(-32.12759eF) 



E T (C0 2 ) = 




a+ 



2aa, 



In 



f2^~ 



-1 



J 



'11.26030 + 24.38332 eK+ 13.61 806 eK 
k +2(35.11730eK) + 2(«32.12759eF r )-2(55.25423eK)J 

= -55.26841 eV 



(14.53) 



VIBRATION OF C0 2 

The vibrational energy levels of CO z may be solved by determining the Morse potential 
curve from the energy relationships for the transition from a C atom and two O atoms whose 
parameters are given by Eqs. (10.115-10.123) and (10.154-10.163), respectively, to a C atom 

10 whose parameter r 4 is given by Eq. (10.61), two O atoms whose parameter r 6 is given by Eq. 
(14.1 1), and the a C0 2 MO whose parameters are given by Eqs. (14.23-14.25) and (14.27- 
14.28). As shown in the Vibration of Hydrogen-type Molecular Ions section, the harmonic 
oscillator potential energy function can be expanded about the internuclear distance and 
expressed as a Maclaurin series corresponding to a Morse potential after Karplus and Porter 

15 (K&P) [4] and after Eq. (11.134). Treating the Maclaurin series terms as anharmonic 
perturbation terms of the harmonic states, the energy corrections can be found by perturbation 
methods. 

THE DOPPLER ENERGY TERMS OF THE CARBON DIOXIDE 
20 MOLECULE 

The equations of the radiation reaction force of carbon dioxide are the same as those of OH 
with the substitution of the C0 2 parameters except that there is a factor of four increase in the 



WO 2007/051078 PCT/US2006/042692 

309 

central force in Eq. (13.140) due to the double bond. Using Eqs. (13.140-13.142), the angular 
frequency of the reentrant oscillation in the transition state is 



4(0.75)e : 



(o = \\ °- = 4.16331 X 10 16 rod Is (14.54) 



where b is given by Eq. (14.27). The kinetic energy, E K , is given by Planck's equation (Eq. 
5 (11.127)): 

E K =ha> = M.16331 X 10 IS radls = 27.40365 eV (14.55) 
In Eq. (11.181), substitution of E T (C0 2 )/2 for E^, the mass of the electron, m e , for M , 

and the kinetic energy given by Eq. (14.55) for E K gives the Doppler energy of the electrons 
of the reentrant orbit: 

— /2I7 /2e(27.40365 eV) 
10 e d = E^^ = -27.63421 e V \~^—— 2 ^ = -0.28619 eV (14.56) 

In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. The transition state comprises O — CO, 
oxygen binding to CO. Vibration of the linear XYZ-molecular transition state corresponds 
to i> 3 [5] with the maximum kinetic energy localized to the nascent C-O bond. In this case, 

15 the kinetic energy of the nuclei is the maximum for this bond. Thus, E Kv!b is the vibrational 
energy. The decrease in the energy of the C0 2 MO due to the reentrant orbit in the transition 
state corresponding to simple harmonic oscillation of the electrons and nuclei, , is given 
by the sum of the corresponding energies, E D given by Eq. (14.56) and E Kvib , the vibrational 
energy. Using the experimental C0 2 E vib (v 3 ) of 2349 cm" 1 (0.29124 eV) [6] for E Kvib of 
20 the transition state, E osc (C0 2 ) is 

E O50 (C0 2 ) = E D + E Kvib = E D + E vib (1 4.57) 

Eosc (C0 2 } = -0.286 1 9 e V + 0.29 1 24 e V = 0.00505 e V (1 4.58) 
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TOTAL AND BOND ENERGIES OF THE CARBON DIOXIDE MOLECULE 
Et+osc{ c °2) > me total energy of C0 2 including the Doppler term, is given by the sum of 
Er(C0 2 ) (Eq. (14.53)) and E ose {C0 2 ) given by Eq. (14.58): 

'2(^+7+^+^)+ E(ionization; C) N 

+E(ionlzation; C*)+E(ionization; 0)+2E(ionization; 0+) 
^{O^+E^CO,) 

f 2E T (C = 0,cr)+ E(ionization; C) + E(ionization; C+f 
+E(ionization; O) + 2E{ionization; O*) (14.59) 
{+2E T (0,2p)+E 0SC (C0 2 ) 

=^(co 2 )+^(co 2 ) 

17 ( f n. — \\ v 

'3^ 



-4£ 
8» ^ 



a + 



In 



-1 



+ E(ionization\ C) 



+EQonization\ C*) + E(ionization; O) 



/ 



+2E(ionization; 0+)-2 £ (Z " )g 

0^=4 8?T£n 



2 / . - \ 



1 1 



\ r 6 



[I 2 1 



2^ 


l4(0.75)e 2 











+ E. 



vib 



= -55.26841 eV-0.2m9eV + E 



vib 



(14.60) 

From Eqs. (14.57-14.60), the total energy of the C0 2 MO is 

Et+osc (C0 2 ) = -5 5.25476 eV + E 0SC (C0 2 ) 

= -55.25476 eF+0.00505 (14.61) 
= -55.26336 eV 

where the experimental E vtb was used. 

10 As in the case of the dissociation of the bond of the hydroxyl radical, an oxygen atom 

is formed with dissociation of C0 2 . O has two unpaired electrons as shown in Eq. (13.55) 
which interact to stabilize the atom as shown by Eq. (10.161-10.162). The lowering of the 
energy of the reactants decreases the bond energy. Thus, the total energy of oxygen is 
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reduced by tiie energy in the field of the two magnetic dipoles given by Eq. (7.46) and Eq. 
(13.101): 

Eimagnetic) = ln ^ff = = 0. 1 1441 eV (14.62) 

The C0 2 bond dissociation energy, E D (C0 2 ) , is given by the sum of the energies of the CO 
5 and the O atom minus the sum of E T+0SC (C0 2 ) and E{magnetic) : 

E D (C0 2 ) = £(CO) + £(0)-(£(mflg»eftc) + J E r+aK (CC> 2 )) (14.63) 
The energy of an oxygen atom is given by Eq. (14.14) and E T (CO) is given by the sum of the 

experimental energies of C (Eq. (14.12)), O (Eq. (14.14)), and the negative of the bond 
energy of CO (Eq. (13.914)): 

10 £(CO) = -11.26030eF-13.618060eF-11.15696eF = -36.03532eF (14.64) 

The energy of O is given by the negative of the corresponding ionization energy given in Eq. 
(4.14). Thus, the C0 2 bond dissociation energy, E D (C0 2 ), given by the Eqs. (4.14) and 
(14.61-14.64) is 

£ D (C0 2 ) = -(36.03532 eP + 13.618060 eV)-(E(magnetic) + E T ^(C0 2 )) 

1 =-49.65338 eF-(0.11441 eF-55.26336 eF) (14.65) 

= 5.49557 eV 

15 The experimental C0 2 bond dissociation energy is [7] 

E Dm (C0 2 ) = 5.516 eV (14.66) 

The results of the determination of bond parameters of C0 2 are given in Table 14.1. The 

calculated results are based on first principles and given in closed-form, exact equations 
containing fundamental constants only. The agreement between the experimental and 
20 calculated results is excellent 



NITROGEN DIOXIDE MOLECULE 

The nitrogen dioxide molecule can be formed by the reaction of nitric oxide and an oxygen 
atom: 

25 NO+0^>N0 2 (14.67) 

The bonding in the nitrogen dioxide molecule comprises two double bonds, each a H 2 -type 

MO with four paired electrons wherein the central N atom is shared by both bonds such that 
six electrons can be assigned to the two N = O bonds. Thus, two N2 p electrons combine 
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with the four 02 p electrons, two from each O, as a linear combination to form the two 
overlapping N = O bonds of N0 2 . The force balance equation and radius r 7 of the 2p shell 
of N is derived in the Seven-Electron Atoms section. The force balance equation and radius 
r 8 of the 2p shell of O is derived in the Eight-Electron Atoms section. With the formation 
5 of each of the two # 2 -type MOs by the contribution of two 2p electrons each from the N 
and O atoms, a diamagnetic force arises between the remaining outer shell atomic electrons, 
the 2s and 2p electrons of N and O, and the # 2 -type MO. This force from N and O 
causes the # 2 -type MO to move to greater principal axes than would result with the 
Coulombic force alone. But, the factor of two increase of the central field and the resulting 
10 increased Coulombic as well as magnetic central forces on the remaining N and O electrons 
decrease the radii of the corresponding shells such that the energy minimum is achieved that 
is lower than that of the reactant atoms. The resulting electron configuration of N0 2 is 

Nl^O^O^Nls^ls^O^Nlp'O^O^al^ where the subscripts designate the 
O atom, 1 or 2, a designates the H 2 -type MO, and the orbital arrangement is 

15 

a state 

lilili' 

2p state 



u 


t 


n 


0 


0 


.0 




2s state 




u 


u 


U 




Is state 




n 


t4- 


U 


o 


N 


o 



(14.68) 



Nitrogen dioxide is predicted to be weakly paramagnetic in agreement with observations [1] 
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FORCE BALANCE OF THE 2p SHELL OF THE NITROGEN ATOM OF 
NITROGEN DIOXIDE 

For the N atom, force balance for the outermost 2p electron of N0 2 (electron 5) is achieved 
between the centrifugal force and the Coulombic and magnetic forces that arise due to 
5 interactions between electron 5 and the 2$ -shell electrons due to spin and orbital angular 
momentum. The forces used are derived in the Seven-Electron Atoms section. The central 
Coulomb force on the outer-most 2p shell electron of NO (electron 5) due to the nucleus 
and the inner four electrons is given by Eq. (10.70) with the appropriate charge and radius: 
^ (Z-4)e 2 . 

10 for r > r 4 . The 2p shell possess a +2 external electric field given by Eq. (10.92) for r > r 5 . 
The energy is minimized with conservation of angular momentum. This condition is met 
when the magnetic forces of N in N0 2 are the same as those of N in NO. They are also 
the same as those of N in the nitrogen molecule with r 5 replacing r 6 and with an increase of 
the central field by an integer. The diamagnetic force, V t&maffuae , of Eq. (10.82) due to the p - 

■ 

15 orbital contribution is given by Eq. (13.918): 



F 

diamagnetic 



h 2 r—r. h 1 /3. 



1 " ^s + \)i r =-—^—.\^ t (14.70) 



And, F mag 2 corresponding to the conserved orbital angular momentum of the three orbitals is 
also the same as that of N0 2 given by Eq. (13.919): 

Z m e r s r 3 

20 The electric field external to the 2p shell given by Eq. (10.92) for r>r 5 gives rise to 

a second diamagnetic force, F aama&iene 2 , given by Eq. (10.93). ¥ aamagnetic 2 due to the binding 

■ 

. of the p-orbital electron having an electric field of +2 outside of its radius is given by Eq. 
(13.920): 



diamagnetic 2 



Z-5 
Z-4 



r 3 h 



m t r s 



T 10V*(s+l)i r (14.72) 



v J 

25 The radius of the 2p shell is calculated by equating the outward centrifugal force to 

the sum of the electric (Eq. (14.69)) and diamagnetic (Eqs. (14.70) and (14.72)), and 
paramagnetic (Eq. (14.71)) forces as follows: 
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\2mtfr 3 



+ 



3ft' 



Zm.rh. 



yjs(s+\) 



5 '3 



1 





r 3 h 2 


2 J 


r s 'm e 



10 J S (s + \) 



(14.73) 



Substitution of v 3 = — (Eq. (1.56)) and s = - into Eq. (14.73) gives: 

2 



h 2 (Z-4)e 2 h 2 jl 3h 2 /J rz-5] 

3 ~ ---- 2 - 2 ^' + ^~ii-[j^_ 



12m e r 5 r 3 V 4 Zm e r 3 V 3 
The quadratic equation corresponding to Eq. (14.74) is 

n 2 n 2 



1 





r 3 h 2 


2 j 


r s m > 



10,P 



(14.74) 



(Z-4)e 2 fl ;3 j (3 
4^ 0 . 1,12 zJm e r 3 V4 



2 



TjlOJ- 



(Z-4K 

4?zs„ 



ll2 z)m t rj4 J 



(14.75) 



The solution of Eq. (14.75) using the quadratic formula is: 



Or 



(Z-4)- 



v 



U2 Zj2r, 



3^ 



^5 = 




1 



\2 



2 



\ 



J 



(14.76) 



r 3 »« units of 

The positive root of Eq. (14.76) must be taken in order that r 3 >0. Substitution of 



10 -^ = 0.69385 (Eq. (10.62) with Z = 7) into Eq. (1476) gives 



r 3 = 0.74841a o 



(14.77) 



FORCE BALANCE OF THE 2 P SHELL OF EACH OXYGEN ATOM OF 
NITROGEN DIOXIDE 
15 For each O atom, force balance for the outermost 2p electron of N0 2 (electron 6) is 
achieved between the centrifugal force and the Coulombic and magnetic forces that arise due 
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to interactions between electron 6 and the other 2p electron as well as the Is -shell electrons 
due to spin and orbital angular momentum. The forces used are derived in the Eight-Electron 
Atoms section. The central Coulomb force on the outer-most 2p shell electron of N0 2 
(electron 6) due to the nucleus and the inner five electrons is given by Eq. (1070) with the 
5 appropriate charge and radius: 

F ,„ .2zSk (1 4, 8) 

for r>r s% The 2p shell possess an external electric field of +2 given by Eq. (10.92) for 
r > r 6 . The energy is minimized with conservation of angular momentum. This condition is 
met when the magnetic forces of O in N0 2 are the same as those of O in NO . The 
10 diamagnetic force, F aamafflette9 of Eq. (10.82) due to the p -orbital contribution given by Eq. 

♦ 

■ * ■ 

(13.927) is 



F 

diamagmttc 



'I) _J__ J^^i, = Mi t (14.79) 



igular 



(13.928) is 

1 2ft 2 



15 F - 2 4^7^1)i, (14.80) 

^ m e r 6 r 3 

The electric field external to the 2p shell given by Eq. (10.92) for r > r 6 gives rise to 
a second diamagnetic force, F rftonagw(te 2 , given by Eq. (10.93). 'P dlamagnellc 2 <*>» ^ the binding 
of the p-orbital electron having an electric field of +2 outside of its radius given by Eq. 
(13.929) is 

» 

W 1 =-[|5|](l-f)^r.0V^l)i. 04.8.) 

In addition, the contribution of two 2p electrons in the formation of the a MO gives 
rise to a paramagnetic force on the remaining paired 2p electrons. The force 3 is given 
byEq. (13.930) is 

F^T^V^l* < 14 - 82 > 



20 



4w e r 6 : 



25 The radius of the 2p shell is calculated by equating the outward centrifugal force to 

the sum of the electric (Eq. (14.78)) and diamagnetic (Eqs. (14.79) and (14.81)), and 
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paramagnetic (Eqs. (14.80) and (14.82)) forces as follows: 

;2 



f(2-«*.._a?_^ + j£ r vi5T3 



m eV 6 _ 



'6 



4xe Q r 6 



2 

Z-6 



Z-5 



12/n 4 r 6 V 3 



Zm e rfe 



4m e r- 



(14.83) 



J 



ft 1 
Substitution of v 6 = (Eq. (1 .56)) and s = - into Eq. (14.83) gives: 



. ™S 6 
3 (Z-5)e : 



2h- 



3 

I- + 



Ylmjrfa V 4 Zm 



2ft 2 (3 [Z- 



-6 
5 



1- 



72] 


r 3 & 2 


2 J 


r 6 m . 




10J- 



3 
4 



(14.84) 



The quadratic equation corresponding to Eq. (14.84) is 



m 



1- 



r< - 



8 



v 



(Z-5)g : 



,12 Z> 



m,r 3 > 4 




V 6 



r c - 





"Z-6" 
.Z-5. 


1- 

V 






(1 


Uz- 


-5)e 2 | 


'2 




ft 2 




4xs 0 1 


J2 




m e r 3 





= 0 



(14.85) 



The solution of Eq. (14.85) using the quadratic formula is: 



F 



4*\ 



8 



10 



v ' U2 Zj2? 



3y 



1- 



8 



v 7 \\2 Zj2r 3 



Ml 



7 



(14.86) 



r« = 



^ J \12 Z 



Z;2r 3 J 



r, in unite of a. 



The positive root of Eq. (14.86) must be taken in order that r 6 > 0 . Substitution of 
= 0.59020 (Eq. (10.62) with Z = 8) into Eq. (14.86) gives 



r 6 = 0.70460a c 



(14.87) 



15 ENERGIES OF THE 2p SHELLS OF THE NITROGEN ATOM AND 
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OXYGEN ATOMS OF NITROGEN DIOXIDE 

Consider the determination of the total energy of N0 1 from the reaction of a nitrogen atom 
with two oxygen atoms. With the formation of each H 2 -type MO by the contribution of two 
2p electrons from each of the N and the two O atoms, the total energy of the N0 2 
5 molecule, which is subtracted from the sum of the energies of the nitrogen and oxygen atoms 
to determine the bond energy, is increased by the ionization energies of N , N* , O , and 20 + 
given by Eqs. (14.88-14.91), respectively. Experimentally, the energies are [2] 

EQonization; N) = 14.53414 eV (14.88) 

E(ionization\ N + ) = 29.6013 eV (14.89) 
10 E(ionization; 0) = 13.61806 eV (14.90) 

E{ionization; = 35.11730 eV (14.91) 
In addition, the central forces on the 2p shells of the N and O atoms are increased 
with the formation of the a MOs which reduces each shell's radius and increases its total 
energy. The change per bond is the same as that of NO since the final radii given by Eq. 
15 (14.77) and (14.87) are the same for NO and N0 2 . The Coulombic energy terms of the total 
energy of the N and Q atoms at the new radii are calculated and added to the ionization 
energies of N , N* 9 O, and 20 + , and the energy of the a MOs to give the total energy of 
N0 2 . Then, the bond energy is determined from the total N0 2 energy. 

The radius r 7 of the nitrogen atom before bonding is given by Eq. (10.142): 
20 r 7 = 0.93084* 0 (14.92) 

Using the initial radius r 7 of the// atom and the final radius r 5 of the Nip shell (Eq. 
(14.77)) and by considering that the central Coulombic field decreases by an integer for each 
successive electron of the shell, the sum E T (N,2p) of the Coulombic energy change of the 
N2p electrons of the N atom is determined using Eq. (10.102): 



E T (N,2p) = -±£p£(. 



1 1 



V r 5 r n 



n=4 8^e 0 

25 =-(13.60580 eF)(0.26186)(3) (14.93) 

= -10.68853 eV 

The radius r s of the oxygen atom before bonding is given by Eq. (10.162): 

r » = a o (14.94) 
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Using the initial radius r 8 of the 0 atom and the final radius r 6 of the 02 p shell (Eq. 
(14.87)) and by considering that the central Coulombic field decreases by an integer for each 
successive electron of the shell, the sum E T (0, 2 p) of the Coulombic energy change of the 
02p electrons of the O atom is determined using Eq. (10.102): 

-f 1 n 

= (13.60580 eF)(0.41925o 0 - 1 )(3+4) (14.95) 



E T (0,2p) = Z 



^ (Z- n)e' 



B= 4 o/i£> 0 



\ r 6 r iJ 



= -39.92918 eV 



FORCE BALANCE OF THE a MO OF NITROGEN DIOXIDE 

The force balance can be considered due to a second pair of two electrons binding to a 
molecular ion having +2e at each focus and a first bound pair. Then, the forces are the same 
10 as those of a molecule ion having +e at each focus. The diamagnetic force V aamag ^ dd0l for 

each a -MO of the N0 2 molecule due to the two paired electrons in the 02p shell is given 
by Eq. (13.633) with « c =2: 

■ 

^diamapttticMOl = 2tfj q 1 ]) 1 (14.96) 

This is also the corresponding force of NO given by Eq. (13.942). V ama&KtfeM02 of the 
15 nitrogen dioxide molecule comprising nitrogen with charge Z a =7 and |ij j = ft and 



corresponding sum of the contributions. Using Eq. (13.835), V aamagnetfcM02 for N0 2 is 



x dtamagmticMOl 



1 V4 2 

Zj Zj Z 2 



fi2 JM. (14.97) 



2ma £ b 



2r 2 



This is also the corresponding force of NO given by Eq. (13.943) except the term due to 
20 oxygen is twice that of NO due to the two oxygen atoms of N0 2 . The general force balance 

equation for the a -MO of the nitrogen dioxide molecule given by Eqs. (1 1 .200), and (14.97- 

2 

14.98) is also the same as that of CN (Eq. (14,836)) except for the doubling of the — term 
due to the two oxygen atoms: 
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r i i 

Z, Z, Z 2 



2iw e o 2 6 2 



Zj Zj Z 2 



(14.98) 



(14.99) 




o 1 V4 2 
2 + — + J - L +— 

A ^1 ^2 



ft 2 e 2 



2m e a 2 b 2 %ns 0 ab 



(14.100) 




1 V4 2 

z, z, z 2 



a. 



5 Substitution of Z, = 7 and Z 2 = 8 into Eq. (14.101) gives 
a = 2.5 1658or 0 =1.33171 JiT 10 -10 m 
Substitution of Eq. (14.102) into Eq. (1 1.79) is 

c' = 1.12173a 0 =5.93596 X 10"" m 
The internuclear distance given by multiplying Eq. (14.103) by two is 
10 2c' = 2.24347fl 0 =i;i8719JST10- ,() ffj 

The experimental bond distance is [3] 

2c' = 1.193 X10- I0 m , 
Substitution of Eqs. (14.102-14.103) into Eq. (1 1.80) is 

6 = c = 2.25275o 0 =1.19210Z 10~ 10 m 



(14.101) 



(14.102) 



(14.103) 



(14.104) 



(14.105) 



(14.106) 



15 Substitution of Eqs. (14.102-14.103) into Eq. (11.67) is 

e = 0.44574 (1 4. 10 7) 
The bonding in the nitrogen dioxide molecule comprises two double bonds, each a 
H 1 -type MO with four paired electrons wherein the central N atom is shared by both bonds 
such that six electrons can be assigned to the two N = 0 bonds. Thus, two N2p electrons 
20 combine with the four 02 p electrons, two from each O, as a linear combination to form the 
two overlapping N = O bonds of N0 2 . Using the electron configuration of N0 2 (Eq. 
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(14.68)), the radii of the Nls = 0.U605a 0 (Eq. (10.51)), N2s = 0.693 85o 0 (Eq. (10.62)), 
JV2/? = 0.74841a 0 (Eq. (14.77)), Ois = 0.12739a 0 (Eq. (10.51)), 02s = 0.59020a 0 (Eq. 
(10.62)), and O2/? = 0.70460a 0 (Eq. (14.87)) shells and the parameters of the cr MOs of 
N0 2 given by Eqs. (13.3-13.4), (14.102-14.104), and (14.106-14.107), the dimensional 
5 diagram and charge-density of the N0 2 MO are shown in Figures 35 and 36, respectively. 



SUM OF THE ENERGIES OF THE <j MOs AND THE AOs OF NITROGEN 
DIOXIDE 

The energies of each N0 2 a MO are the same as those of NO (Eqs. (13.954-13.958)). They 

10 are given by the substitution of the semiprincipal axes (Eqs. (14.102-14.103) and (14.106)) 
into the energy equations (Eqs. (1 1.207-1 1.212)) of H 2 except that the terms based on charge 

are multiplied by four and the kinetic energy term is multiplied by two due to the cr -MO 

# 

double bond with two pairs of paired electrons: 

V=2 2 ~Y ln a+ ^ Q2 ~ &2 = -93.03032 eV (14.108) 



15 V B -2 2 f = 48.51704 eV (14.109) 

%ne ^ 'a 2 -b 2 

t 

T = 2 % \a a+ ^^Z^- =9.24176 eV (14.110) 

2m.a^a 1 -b 2 a-Ja 2 -b 2 



2 / 2 2 

. V m = 2 2 "f ln a+ 7 ~ b = -9.24176 eV (14.111) 

Im.ayfT^b 2 a -Ja^j? 

E T =V t +T + V m +V p (14.112) 

Substitution of Eqs. (11.79) and(14.108-14.111)intoEq. (14.1 12) gives 

r r — "\ 
a + 



-e 2 

20 E T [N = 0,(j) = 



&7I£ 0 



<aa 0 



<aa 0 



8 In t=^=- 4 

I V 2 ) 



= -44.51329 eV (14.113) 



where E T [N = O, cr) is the total energy of each cr MO of N0 2 . The total energy of N0 2 , 

E T (N0 2 ), is given by the sum of EQonization; N) and E(ionization\ N*) 9 the sum of the 
energies of the first and second electrons of nitrogen (Eqs. (14.88-14.89)) donated to each 
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double bond, the sum of E(ionization; O) and two times E(ionization; 0 + ) , the energies of 
the first and second electrons of oxygen (Eqs. (14.90-14.91)) donated to the double bonds, 
E T (N 9 2p) 9 the N2p AO contribution due to the decrease in radius with the formation of 

* 

each bond (Eq. (14.93)), two times ^(O^p), the 02p AO contribution due to the 
5 decrease in radius with the formation of each bond (Eq. (14.95)), and two times 
E T (N = O, or), the a MO contribution given by Eq. (14.113): 



E T [N0 2 ) = 



' EQonization; N) + E(ionizatidn; N*) 
+E(ionization; O) + 2E(ionization; 0*)+E T ( N, 2 p) 
[+2E T (0,2p)+ 2E T (N = 0, <j) 
( 14.53414 eV + 29.6013 eF+13.61806 eV 
+2 (35. 1 1 730 e V) + (-1 0.68853) + 2 (-39.9291 8 eV) 



+2 



- e 



a + 



\aa r 



8 In 



a- 



-4 



J) 



14.53414 eF + 29.6013eK + 13.61806eF 
+2(35.1 1730 eF) + (-10.68853) 
^+2(-39.92918 eF) + 2(-44.51329 eV) 
= -51.58536 eV 



A 



J 



(14.114) 



VIBRATION OF N0 2 

10 The vibrational energy levels of NO z may be solved by determining the Morse potential 
curve from the energy relationships for the transition from a N atom and two O atoms 
whose parameters are given by Eqs. (10.134-10.143) and (10.154-10.163), respectively, to a 
N atom whose parameter r 5 is given by Eq. (14.77), two O atoms whose parameter r 6 is 
given by Eq. (14.87), and the a MOs whose parameters are given by Eqs. (14.102-14.104) 

15 and (14.106.-14.107). As shown in the Vibration of Hydrogen-type Molecular Ions section, 
the harmonic oscillator potential energy function can be expanded about the internuclear 
distance and expressed as a Maclaurin series corresponding to a Morse potential after Karplus 
and Porter (K&P) [4] and after Eq. (11.134). Treating the Maclaurin series terms as 
anharmonic perturbation terms of the harmonic states, the energy corrections can be found by 

20 perturbation methods. 
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THE DOPPLER ENERGY TERMS OF NITROGEN DIOXIDE 
The equations of the radiation reaction force of nitrogen dioxide are the same as those of NO 
with the substitution of the N0 2 parameters. Using Eq. (13.961), the angular frequency of 
5 the reentrant oscillation in the transition state is 



co = 



4e : 



^—£—=2.m\QX\$ 6 radls (14.115) 



where a is given by Eq. (14.102). The kinetic energy, E K , is given by Planck's equation (Eq. 
(11.127)): 

E K = &<» = £2.071 10 X 10 16 radls = 13.63231 eV (14.116) 

* ■ ■ 

1 • ■ ■ * * 

10 In Eq. (11.181), substitution of E T (N0 2 )/2 for E^, the mass of the electron, m e , for M, 

and the kinetic energy given by Eq. (14.1 16) for E K gives the Doppler energy of the electrons 
of the reentrant orbit: 



E D a E^ = -25.79268 'V f^^f ^ = -0.18840 eV (14.117) 

In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
15 transition state at their corresponding frequency. The transition state comprises O — NO, 
oxygen binding to NO. As in the case of C0 2 bond formation, vibration in the transition 
state corresponds to o 3 [5] with the maximum kinetic energy localized to the nascent N-0 

• < 

bond. In this case, the kinetic energy of the nuclei is the maximum for this bond. Thus, IL 4K 
is the vibrational energy. The decrease in the energy of the N0 2 MO due to the reentrant 

20 orbit in the transition state corresponding to simple harmonic oscillation of the electrons and 
nuclei, E m , is given by the sum of the corresponding energies, E D given by Eq. (14.1 17) and 
E Kvii , the vibrational energy. Using the experimental N0 2 E r!b (o 3 ) of 
1618 crn' (0.20061 eV) [6] for E K , lb of the transition state, E m {N0 2 ) is 

E m {N0 2 ) = E D +E Kvli =E D (14. 118) 

25 f mc (M) 2 ) = -0.1 8840 eF + 0.20061 eF = 0.01221 eV (14.119) 
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TOTAL AND BOND ENERGIES OF NITROGEN DIOXIDE 

(#0,) , the total energy of N0 2 including the Doppler term, is given by the sum of 
Er(N0 2 ) (Eq. (14.114)) and E osc (N0 2 ) given by Eq. (14.119): 



£r +aw (M> 2 ) = 



f 2 ( V e + T + V m + V p ) + Eiionization; N) + E(ionization; N* ) 

+E(ionization; 0)+2E(tonization; (T) 
^+E T (N, 2p) + 2E T (0,2p)+ E m (N0 2 ) 

r 2E T (N = 0,<r)+E(ionization; N) + EQonization; N+f 
+E(ionization; 0)+2E(ionization; 0 + ) 
[+E T {N, 2p) + 2E T {0, 2p) + E w {N0 2 ) 

= E T (NO i )+E„ e {N0 2 ) 



\ 



f/ 



E T+m (N0 2 ) 



- e 



%ne 0 > a °« 



a + 



81n 



-4 



>7 



EQonizatiorr, N) + EQonizatiorr, N + ) 
^(ionization; 0) + 2E(ionization; O*) 



-S 



(Z - ri)e- 



r 



\ Af.n=4 8^& 0 



1 1 



"2 1 



0^7=4 



8^ 



1 1 



0 V'6 



i + i\ 



2fr 



4e 2 



4^1 
l( m . 



m c c 



= -51.58536 eF-0.18840 eV + E. 



vib 



From Eqs. (14.1 19-14.121), the total energy of the N0 2 MO is 

Er^so (N0 2 ) = -51 .58536 eV + E 0SC (N0 2 ) 
= -51.58536 eF+0.01221 eV 
= -51.57315 eV 

where the experimental E ylb was used. 



J 



(14.120) 



(14.121) 



(14.122) 



As in the case of the dissociation of the bond of the hydroxyl radical, an oxygen atom 
10 is formed with dissociation of N0 2 . O has two unpaired electrons as shown in Eq. (13.55) 

which interact to stabilize the atom as shown by Eq. (10.161-10.162). The lowering of the 
energy of the reactants decreases the bond energy. Thus, the total energy of oxygen is 



WO 2007/051078 PCT/US2006/042692 

324 

reduced by the energy in the field of the two magnetic dipoles given by Eq. (7.46) and Eq. 
(13.101): 

Eirnagnetic) J^M^_J^_ = 01 1441 eV (14 ]23) 

The N0 2 bond dissociation energy, E D {N0 2 ), is given by the sum of the energies of the 
5 NO and the O atom minus the sum of E T+tae (N0 2 ) and E(magnetic) : 

E D (N0 2 ) = E(NO)+E(0)- (E(magnetic) + E T+0SC (N0 2 )) (14.1 24) 

The energy of an oxygen atom is given by the negative of Eq. (14.90), and E T (NO) is given 

by the sum of the experimental energies of N (negative of Eq. (14.88)), O, and the negative 
of the bond energy of NO (Eq. (13.974)): 

10 . £(ArO) = -14.53414eF-13.618060eK-6.53529eF = -34.68749eK (14.125) 
Thus, the N0 2 bond dissociation energy, E D (N0 2 ), given by Eqs. (4.90) and (14.112- 
14.125) is 

e d {N0 2 ) = -(34.68749 eF+13.618060 eV)-(E(magnetic)+E T+osc (N0 2 )) 

= -48.30555 eF-(0.11441<?7-51.57315eF) (14.126) 
= 3.15319eF 

The experimental N0 2 bond dissociation energy is [7] 
15 E D29i (N0 2 ) = 3.161 eV (14 . 12 7) 

■ 

BOND ANGLE OF N0 2 

The N0 2 MO comprises a linear combination of two N — O-bond MOs. . A bond is also 
possible between the two O atoms of the N = O bonds. Such O = O bonding would 
20 decrease the N = O bond strength since electron density would be shifted from the N = O 
bonds to the O = O bond. Thus, the bond angle between the two N = 0 bonds is determined 
by the condition that the total energy of the # 2 -type ellipsoidal MO between the terminal O 

atoms of the N = 0 bonds is zero. From Eqs. (11.79) and (13.228), the distance from the 
origin to each focus of the O = O ellipsoidal MO is 



ym e e 2 2a V 2 



25 c=a\ ^ = ./-^L (1412g) 



The internuclear distance from Eq. (13.229) is 
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2c' 



= 2 # 



(14.129) 



The length of the semiminor axis of the prolate spheroidal O = O MO b = c is given by Eq. 
(13.167). 

The component energies and the total energy Ej of the O = O bond are given by the 
5 energy equations (Eqs. (1 1 .207-1 1.212), (1 1 .213-1 1 .217), and (1 1 .239)) of H 2 except that the 
terms based on charge are multiplied by four and the kinetic energy term is multiplied by two 
due to the 0-0 double bond with two pairs of paired electrons. Substitution of Eq. 
(14.128) into Eqs. (11.207-11.212) gives 



0 = 



- e 



f i aa o 

8 In M= 



\ 



VT I V 2 



M 



2ft 



1 



4e 



4xe 0 a : 



mc 

c 



2 



1 



4e' 



4e : 



Zne^ %jts g [a+c ,y f 



8m. 



(14.130) 



10 From the energy relationship given by Eq. (14.130) and the relationship between the axes 
given by Eqs. (14.128-14.129) and (13.167-14.168), the dimensions of the O = O MO can be 
solved. 

The most convenient way to solve Eq. (14.130) is by the reiterative technique using a 
computer. The result to within the round-off error with five-significant figures is 
15 fl = 8.3360a o = 4.4112* lO' 10 m (14.131) 



Substitution of Eq. (14.131) into Eq. (14-128) gives 

c' = 2.0416a 0 =1.0804* 10 -10 m 
The internuclear distance given by multiplying Eq. (14.132) by two is 

2c' = 4.083 la 0 = 2.1607* 10' 10 m 
20 Substitution of Eqs. (14.131-14.132) into Eq. (14.167) gives 

b = c = 8.0821o K =4.2769* 10" 10 m 



(14.132) 



(14.133) 



(14.134) 



Substitution of Eqs. (14.131-14.132) into Eq. (14.168) gives 

e = 0.2449 (14.135) 
From, 2c' c=c (Eq. (14.133)), the distance between the two O atoms when the total 
25 energy of the corresponding MO is zero (Eq. (14.130)), and 2c' Nm0 (Eq. (14.104)), the 
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internuclear distance of each N = O bond, the corresponding bond angle can be determined 
from the law of cosines. Using, Eqs. (13.240-13.242), the bond angle 0 between the N = O 
bonds is 



r 2(2.24347) 2 -(4.083iy 



/i / jiv -t/i / i i /i tw -i i r 

9 = cos" 1 

^ 2(2.24347) 



= cos" 1 (-0.6562) (14.136) 
= 131.012° 

5 The experimental angle between the N = O bonds is [3] 

0 = 134.1° (14.137) 
The results of the determination of bond parameters of N0 2 are given in Table 14.1. 

The calculated results are based on first principles and given in closed-form, exact equations 
containing fundamental constants only. The agreement between the experimental and 
10 calculated results is excellent. 



ETHANE MOLECULE (CH 3 CH 3 ) 

The ethane molecule CH 3 CH 3 is formed by the reaction of two methyl radicals: 

CH 3 +CH 3 -> CH 3 CH 3 (14.138) 

15 CH 3 CH 3 can be solved using the same principles as those used to solve CH 3> wherein the 
2s and 2p shells of each C hybridize to form a single 2sp* shell as an energy minimum, 
and the sharing of electrons between two C2sp 3 hybridized orbitals (HOs) to form a 
molecular orbital (MO) permits each participating hybridized orbital to decrease in radius and 
energy. First, two sets of three H atomic orbitals (AOs) combine with two sets of three 

20 carbon 2sp 3 HOs to form two methyl groups comprising a linear combination of six diatomic 
H 2 -type MOs developed in the Nature of the Chemical Bond of Hydrogen-Type Molecules 
and Molecular Ions section. Then, the two CH 3 groups bond by forming a H 2 -type MO 
between the remaining C2sp z HO on each carbon. 



25 FORCE BALANCE OF THE C-C -BOND MO OF ETHANE 

CH 3 CH 3 comprises a chemical bond between two CH 3 radicals wherein each methyl 
radical comprises three chemical bonds between carbon and hydrogen atoms. The solution of 
the parameters of CH 3 is given in the Methyl Radical (CH 3 ) section. Each C-H bond of 
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CH 3 having two spin-paired electrons, one from an initially unpaired electron of the carbon 
atom and the other from the hydrogen atom, comprises the linear combination of 75% H 2 - 
type ellipsoidal MO and 25% C2sp 3 HO. The proton of the H atom and the nucleus of the 
C atom are along each internuclear axis and serve as the foci. As in the case of H 2 , each of 
5 the three C-H -bond MOs is a prolate spheroid with the exception that the ellipsoidal MO 
surface cannot extend into C2sp 3 HO for distances shorter than the radius of the Clsp* shell 
since it is energetically unfavorable. Thus, each MO surface comprises a prolate spheroid at 
the H proton that is continuous with the C2sp 3 shell at the C atom whose nucleus serves as 
the other focus. The electron configuration and the energy, E(C,2sp 3 ) , of the C2sp 3 shell is 

10 given by Eqs. (13.422) and (13.428), respectively. The central paramagnetic force due to spin 
of each C-H bond is provided by the spin-pairing force of the. CH 3 MO that has the 

symmetry of an 5 orbital that superimposes with the C2sp 3 orbitals such that the 
corresponding angular momenta are unchanged. 

Two CH 3 radicals bond to form CH 3 CH 3 by forming a MO between the two 
15 remaining C2sp 3 -HO electrons of the two carbon atoms. However, in this case, the sharing 
of electrons between two C2sp 3 HOs to form a molecular orbital (MO) comprising two spin- 
paired electrons permits each C2sp 3 HO to decrease in radius and energy. 

As in the case of the C-H bonds, the C-C -bond MO is a prolate-spheroidal-MO 

* 

surface, that cannot extend into Clsp 3 HO for distances shorter than the radius of the C2sp 3 
20 shell of each atom. Thus, the MO surface comprises a partial prolate spheroid in between the 
carbon nuclei and is continuous with the C2sp 3 shell at each C atom. The energy of the H 2 - 
type ellipsoidal MO is matched to that of the C2sp 3 shell. As in the case of previous 
examples of energy-matched MOs such as those of OH, NH , CH , and the C = 0-bond 
MO of C0 2 , the C-C -bond MO of ethane must comprise 75% of a tf 2 -type ellipsoidal MO 
25 in order to match potential, kinetic, and orbital energy relationships. Thus, the C - C -bond 
MO must comprise two C2sp 3 HOs and 75% of a # 2 -type ellipsoidal MO divided between 
the two C2sp 3 HOs: 



2 C2sp 3 + 0.75 H 2 MO-*C-C- bond MO (14. 1 39) 
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The linear combination of the H 2 -type ellipsoidal MO with each C2sp 3 HO further 
comprises an excess 25% charge-density contribution from each C2sp 3 HO to the C-C- 
bond MO to achieve an energy minimum. The force balance of the C-C -bond MO is 
5 determined by the boundary conditions that arise from the linear combination of orbitals 

■ 

according to Eq. (14.139) and the energy matching condition between the C2,sp 3 -HO 
components of the MO. 

Similarly, the energies of each C/f 3 MO involve each C2sp 3 and each His electron 
wilh the formation of each C-H bond. The sum of the energies of the H 2 -type ellipsoidal 
10 MOs is matched to that of the C2sp 3 shell. This energy is determined by the considering the 
effect of the donation of 25% electron density from the two C2sp 3 HOs to the C-C -bond 
MO. The 2sp 3 hybridized orbital arrangement given by Eq. (13.422) is 



2sp 3 state 

t t f (14.140) 



0,0 1,-1 1,0 1,1 

* 

15 

where the quantum numbers ( £, m t ) are below each electron. The total energy of the sta{e is 
given by the sum over the four electrons. The sum E T (c>2sp 3 ^ of calculated energies of C , 

C + , C 2+ ,and C 3+ from Eqs. (10.123), (10.113-10.114), (10.68), and (10.48), respectively, is 

E T (c,2sp 3 ) = 64.3921 eK + 48,3125 eK + 24.2762 eF+11.27671 eV 

v ' (14.141) 

= 148.25751 eV 

20 which agrees well with the sum of 148.02532 eV from the experimental [2] values. Consider 
the case of the C25p HO of each methyl radical. The orbital-angular-momentum 

interactions cancel such that the energy of the E T {C,2sp 3 } is purely Coulombic. By 

considering that the central field decreases by an integer for each successive electron of the 
shell, the radius of the C2sp 3 shell may be calculated from the Coulombic energy using 

25 Eq. (10.102): 

^ = § 8^ 0 (el48.25751 eV) = Us 0 (*148.25751 eV) = 0 - 91771fl » < 14 " 142 > 
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where Z = 6 for carbon. Using Eqs. (10.102) and (14.142), the Coulombic energy 
Eomionb \ c > 2s P 3 ) of the outer electron of the C2sp 3 shell is 

During hybridization, one of the spin-paired 2s electrons is promoted to C2sp 3 shell as an 
5 unpaired electron. The energy for the promotion is the magnetic energy given by Eq. 
(13.152) at the initial radius of the 2* electrons. From Eq. (10.62) with Z = 6, the radius r } 
of C2s shell is 

r 3 =0.84317a 0 (14.144) 
Using Eqs. (13.152) and (14.144), the impairing energy is 

10 Eimagnetic) = ?&f* = teg = 0,19086 eV (14.145) 

m*(r 3 ) (0.843 17a„) 3 

Using Eqs. (14.143) and (14.145), the energy E{c,2sp 3 ) of the outer electron of the C2sp 3 
shell is 



E(C,2sp 3 ) = 



e 2 2jt^L.e 2 h 2 



= -14.82575 eK+0.19086 eV (14.146) 
= -14.63489 eV 

Next, consider the formation of the C-C-bond MO of ethane from two methyl 
1 5 radicals, each having a C2 sp 3 electron with an energy given by Eq. ( 1 4. 1 46). The total energy 
of the state is given by the sum over the four electrons. The sum E T {C tAam> 2sp 3 )oi 

calculated energies of Clsp 3 , C\ C u , and C 3+ from Eqs. (10.123), (10.113-10.114), 
(10.68), and (10.48), respectively, is 

E r( C ^2sp 3 ) = -(64.3921 eF+48.3125 eF+24.2762 eV+E(C,2sp 3 )) 

= -(64.3921 eV + 48.3 125 eV+ 24.2762 eV + 14.63489 eV) (14. 147) 
= -151.61569 elf 

20 where E(c,2sp 3 ) is the sum of the energy of C, -11.27671 eV , and the hybridization 
energy. The orbital-angular-momentum interactions also cancel such that the energy of the 
^{Cetkme' 2 ^) ls purely Coulombic. 

The sharing of electrons between two C2sp 3 HOs to form a C-C-bond MO permits 
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each participating hybridized orbital to decrease in radius and energy. In order to further 
satisfy the potential, kinetic, and orbital energy relationships, each C2sp* HO donates an 
excess of 25% of its electron density to the C - C -bond MO to form an energy minimum. By 
considering this electron redistribution in the ethane molecule as well as the fact that the 
5 central field decreases by an integer for each successive electron of the shell, the radius 
r ethane2spJ of the C2sp* shell of ethane may be calculated from the Coulombic energy using 

Eq. (10.102): 



f 5 \ f 



ethane2sp i 



£(Z-n)-0.25 



&w,(el51. 61569 eV) 



9J5e * (14.148) 



8;«? 0 (el51.61569<?P') 
= 0.87495a 0 

Using Eqs. (10.102) and (14.148), the Coulombic energy E^^^C^^p 3 ) of outer 

i 

10 electron of the C2sp z shell is 



^Coulomb {ptlhant^ S P ) "~ 



-e 1 



~ e2 (14.149) 



8^ 0 0.87495a 0 
= -15.55033 eV 

* 

During hybridization, one of the spin-paired 2s electrons is promoted to C2sp* shell as an 
unpaired electron. The energy for the promotion is the magnetic energy given by Eq. 
(13.152). Using Eqs. (14.145) and (14.149), the energy E(C etham ,2sp 3 ) of the outer electron 

a 

15 of the C2sp 3 shell is 

= -15.55033 eV + 0.19086 (14.150) 
= -15.35946 eV 

Thus, 2£ r (C-C,2ap 3 )> me energy change of each C2sp 3 shell with the formation of the 
C -C -bond MO is given by the difference between Eq. (14.146) and Eq. (14.150): 

E T (C - C, 2sp 3 ) = E (C^ , 2sp 3 ) - E (C, 2sp 3 ) 

= -15.35946 eV -(-14.63489 eV) (14.151) 
= -0.72457 eV 
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The # 2 -type ellipsoidal MO comprises 75% of the C-C -bond MO shared between 

two C2sp 3 HOs corresponding to the electron charge density in Eq. (1 1 .65) of - 6 . But, 

2 

4 

* 

the additional 25% charge-density contribution to the C-C -bond MO causes the electron 

charge density in Eq. (11.65) to be is given by — = -0.5e . Thus, the force constant k' to 

2 

5 determine the ellipsoidal parameter c' in terms of the central force of the foci given by Eq. 
(11.65) is 

., (0.5) 2e 2 

k=L ^r (14 - 152) 

The distance from the origin to each focus c* is given by substitution of Eq. (14. 152) into Eq. 
(13.60). Thus, the distance from the origin of the C-C -bond MO to each focus c' is given 
10 by 



c'=a 



[ ft 4n6 Q 
m/a 



= 4™o ' (14.153) 



The internuclear distance from Eq. (14.1 53) is 

2c' = 2^ ■ (14.154) 

t 

t 

The length of the semiminor axis of the prolate spheroidal C-C -bond MO b = c is given by 
15 Eq. (13.62). The eccentricity, e, is given by Eq. (13.63). The solution of the semimaj or axis 
a then allows for the solution of the other axes of each prolate spheroid and eccentricity of 
the C-C -bond MO. Since the C-C -bond MO comprises a H 2 -type-ellipsoidal MO that 

transitions to the C ethane 2sp 3 HO of each carbon, the energy E(C elhane ,2sp x ) in Eq. (14.150) 

adds to that of the i/ 2 -type ellipsoidal MO to give the total energy of the C-C -bond MO. 
20 From the energy equation and the relationship between the axes, the dimensions of the 
C-C -bond MO are solved. Similarly, E(C eJJtane ,2sp*) is added to the energy of the H 2 - 

type ellipsoidal MO of each C-H bond of the methyl groups to give its total energy. From 
the energy equation and the relationship between the axes, the dimensions of the equivalent 
C-H -bond MOs of the methyl groups in ethane are solved. 
25 The general equations for the energy components of V e9 V p , T, V m , and E T of the 

. C-C -bond MO are the same as those of the CH MO as well as each C- H -bond MO of 
the methyl groups except that energy of the C ethane 2sp* HO is used. Since the prolate 
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spheroidal # 2 -type MO transitions to the C ellloa 2sp 3 HO of each carbon and the energy of 
the C ulum 2sp 3 shell must remain constant and equal to the E(C eliam) ,2sp 3 ) given by Eq. 
(14.150), the total energy E T (C-C,cr) ofthe a component of the C - C -bond MO is given 
by the sum of the energies of the orbitals corresponding to the composition of the linear 
5 combination of the C^lsp 1 HO and the # 2 -type ellipsoidal MO that forms the a 
component of the C-C -bond MO as given by Eq. (14.139) with the electron charge 
redistribution. Using Eqs. (13.431) and (14.150), E T (C-C,a) is given by 



E T (C - C, a) = E T + E (C e(tene , 2sp 3 ) 



(0.91771) 



-15.35946 eV 



(14.155) 



2 a J a-c 

To match the boundary condition that the total energy ofthe entire the #2 -type ellipsoidal 
10 MO is given by Eqs. (11.212) and (13.75), Ej, {C-C,a) given by Eq. (14.155) is set equal to 



Eq. (13.75): 
E T {C-C,o) = 



(0.91771) 

. v 



' 1 ~ \ 
2 1 fl ° ' 



2a) 



ln^-1 
a-c' 



-15.35946 eV 



(14.156) 



= -31.63536831 eV 

From the energy relationship given by Eq. (14.156) and the relationship between the axes 
given by Eqs. (14.153-14.154) and (13.62-13.63), the dimensions ofthe C-C -bond MO can 

15 be solved. 

Substitution of Eq. (14.153) into Eq. (14.156) gives 



(0.91771) 2-^-^jln— 




-1 



= el6.27589 



(14.157) 



The most convenient way to solve Eq. (14.157) is by the reiterative technique using a 
computer. The result to within the round-off error with five-significant figures is 
20 a = 2.10725fl 0 =1.11511JriO- u, m (14.158) 

Substitution of Eq. (14.158) into Eq. (14.153) gives 

c' = 1.45164o 0 =7.68173 X 10"" m 
The internuclear distance given by multiplying Eq. (14.159) by two is 
2c' = 2.90327o 0 = 1 .53635 X 10 -10 m 
25 The experimental bond distance is [3] 



(14.159) 



(14.160) 
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2c' = 1.5351 X 10- ,0 w (14.161) 
Substitution of Eqs. (14.158-14.159) into Eq. (13.62) gives 

6 = c = 1.52750a 0 =8.08317X 10 _u m (14.162) 
Substitution of Eqs. (14.158-14.159) into Eq. (13.63) gives 

5 e = 0.68888 (14.163) 
The nucleus of the C atoms comprise the foci of the #2 -type ellipsoidal MO. The 

parameters of the point of intersection of the H 2 -type ellipsoidal MO and the C elham 2sp 3 HO 
are given by Eqs. (13.84-13.95) and (13.261-13.270). The polar intersection angle 9' is 
given by Eq. (13.261) where r n =r lham2 ^ =0.87495a 0 is the radius of the C elhme 2sp 3 shell. 

10 Substitution of Eqs. (14.158-14.159) into Eq. (13.261) gives 

0' = 67.33° (14.164) 



Then, the angle Q„„ , ,„ the radial vector of the C2sp HO makes with the intemuclear 

C-C ato 2q> HO r 

axis is 

e c-c^HO - 1 80 ° " 67 33 ° = 1 12 670 (14- 1 65) 

15 as shown in Figure 37. 

Consider the right-hand intersection point. The distance from the point of intersection of the 
orbitals to the intemuclear axis must be the same for both component orbitals. Thus, the 
angle a>t = #c-c t , w ,// 2 A/o between the intemuclear axis and the point of intersection of the H 2 - 

20 type ellipsoidal MO with the C e(hane 2sp 3 radial vector obeys the following relationship: 

* sin<? c-c_ V«o = °- 87495fl o -bdne^w (14.166) 

such that 

6 _, in - 1 0 - 87495a ° sin ^-c^,2^ o , 0.87495a,, sin 112.67° 
Vc-c^m&o ~ sm y = sin - (14.167) 

with the use of Eq. (14.166). Substitution of Eq. (14.162) into Eq. (14.167) gives 
25 ^-0^^=31.91° (14.168) 

Then, the distance ^c-c^.w^o sloag the intemuclear axis from the origin of # 2 -type 
ellipsoidal MO to the point of intersection of the orbitals is given by 

d c-c^.,H^o =acos0 c-c^ wo (14.169) 
Substitution of Eqs. (14.158) and (14.168) into Eq. (14.169) gives 
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d c-c^Mo =l-78885a 0 = 9.46617 X 10" 11 m (14.170) 



The distance d 3 along the internuclear axis from the origin of the C atom to the 

point of intersection of the orbitals is given by 

d -d -c 1 (14.171) 

5 Substitution of Eqs. (14.159) and (14.170) into Eq. (14.171) gives 

d . 3t ,„ =0.33721a 0 = 1.78444* l<r" m (14.172) 



FORCE BALANCE OF THE CH 3 MOs OF ETHANE 

Each of the two equivalent CH 3 MOs must comprise three C-H bonds with each 
10 comprising 75% of a H 2 -type ellipsoidal MO and a C2sp 3 HO as given by Eq. (13.540): 

3[l C2sp 3 +0.75 H 2 MO] -> Ci7 3 MO (14.173) 

The force balance of the CH 3 MO is determined by tiie boundary conditions that arise from 
15 the linear combination of orbitals according to Eq. (13.540) and the energy matching 
condition between the hydrogen and C2sp z HO components of the MO. 

/The force constant k' to determine the ellipsoidal parameter c' of the each if 2 -type- 
ellipsoidal-MO component of the CH 2 MO in terms of the central force of the foci is given 
by Eq. (13.59). The distance from the origin of each C-#-bond MO to each focus c' is 
20 given by Eq. (13.60). The mternuclear distance is given by Eq. (13.61). The length of the 
semiminor axis of the prolate spheroidal C - H -bond MO b = c is given by Eq. (1 3 .62). The 
eccentricity, e , is given by Eq. (13.63). The solution of the semimajor axis a then allows for 
the solution of the other axes of each prolate spheroid and eccentricity of each C - H -bond 
MO. Since each of the three prolate spheroidal C-iT -bond MOs comprises an if 2 ~type- 

25 ellipsoidal MO that transitions to the C ethatie 2sp 3 HO of ethane, the energy E (C eltJ£me , 2sp 3 ) of 

Eq. (14.150) adds to that of the three corresponding # 2 -type ellipsoidal MOs to give the total 

■ 

energy of the CH 3 MO. From the energy equation and the relationship between the axes, the 

■ 

dimensions of the CH, MO are solved. 
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The energy components of V € , V p9 T , and V m are the same as those of methyl radical, 
three times those of CH corresponding to the three C - H bonds except that energy of the 
C eUme 2sp* HO is used. Since the each prolate spheroidal # 2 -type MO transitions to the 
C . 2sp l HO and the energy of the C el)tanc 2sp 3 shell must remain constant and equal to the 



5 E(C e0tam asp 3 ) given by Eq. (14.150), the total energy E T ^ {CH 3 ) of the CH 3 MO is given 
by the sum of the energies of the orbitals corresponding to the composition of the linear 
combination of the C etbme 2sp 3 HO and the three # 2 -type ellipsoidal MOs that forms the 

CH* MO as given by Eq. (13.540). Using Eq. (13.431), (CH,) is given by 



3e : 



(0.91771) 2- 



1 a. 



\ 2 a 



J 



a-c' 



-15.35946 eV 



(14.174) 



10 E T (Ci/ 3 ) given by Eq. (14.174) is set equal to three times the energy of the i/ 2 -type 
ellipsoidal MO minus two times the Coulombic energy of H given by Eq. (13.542): 



E T (CH 3 ) = 



3e : 



(0.91771) 2 



1 a, 



2 a 



In 



a+c' 
a-c' 



-1 



-15.35946 eV =-67.69450 eV 



(14.175) 

From the energy relationship given by Eq. (14.175) and the relationship between the axes 

» 

15 given by Eqs. (13.60-13.63), the dimensions of the CH 3 MO can be solved. 



Substitution of Eq; (13.60) into Eq. (14.175) gives 



3e : 



(0.91771) 



' 1 a n N 
2- 0 



2 a 



J 



In 



\2aa 0 



-1 



= e52.33505 



(14.176) 



The most convenient way to solve Eq. (14.176) is by the reiterative technique using a 
computer. The result to within the round-off error with five-significant figures is 
20 a » 1.64469a. = 8.70331 X 10 _n m (14.177) 



a = 1.64469a 0 = 8.70331 X 10 _u m 
Substitution of Eq. (14.177) into Eq. (14.60) gives 

c' = 1.04712o 0 = 5.541 1 1 X 10 -11 m 
The internuclear distance given by multiplying Eq. (14.178) by two is 

2c' = 2.09424a n =1.10822 X 10" 10 m 



(14.178) 



(14.179) 



25 The experimental bond distance is [3] 
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2c' = 1 .0940 X 10" 10 m (14. 1 80) 
Substitution of Eqs. (14.177-14.178) into Eq. (14.62) gives 

6 = c = 1.26828a 0 = 6.71 145 X 10"" m (14.181) 

Substitution of Eqs. (14.177-14.178) into Eq. (14.63) gives 
5 e = 0.63667 (14.182) 

The nucleus of the H atom and the nucleus of the C atom comprise the foci of each 
# 2 -type ellipsoidal MO. The parameters of the point of intersection of the # 2 -type 

ellipsoidal MO and the C elhani 2sp 3 HO are given by Eqs. (13.84-13.95) and (13.261-13.270). 
The polar intersection angle 0' is given by Eq. (13.261) where r n = r (Aow2ip3 = 0.87495cr 0 is 

10 die radius of die C elhm 2sp y shell. Substitution of Eqs. (14.177-14.178) into Eq. (13.261) 
gives ... 

0' = 79.34° (14.183) 
Then, the angle 0 the radial vector of the C2sp 3 HO makes with the internuclear 

C-ffri um 2sp HO 

axis is 

15 fl> „ 3 =180 o -79.34 o = 100.66 o (14.184) 

as shown iri Figure 38. 

The distance from the point of intersection of the orbitals to the internuclear axis must be the 
same for both component orbitals. Thus, the angle ^ = 0 C -/w,// 2 a*> between the 

20 internuclear axis and the point of intersection of the tf 2 -type ellipsoidal MO with the 

• * * * 

C eth<me 2s P* radial vector obeys the following relationship: 

**°»*^*m =0.87495^ sin^_ 2 ^ 0 =Asin^ >ffjM , (14.185) 

such that 



= sin -' °- 87495a ° Sin ^ 2 ^o ;sin - 0.87495a, sinl00.66<> 



25 with the use of Eq. (14.184). Substitution of Eq. (14.181) into Eq. (14.186) gives 

*c-w^ = 42 - 68 ° < R187 > 
Then, the distance d c _ H along the internuclear axis from the origin of H 2 -type 

ellipsoidal MO to the point of intersection of the orbitals is given by 

d c-H^wo = a cos 9 c ^ tHiM0 (14. 188) 
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Substitution of Eqs. (14.177) and (14.187) into Eq. (14.188) gives 

Jc-h^mo = 1.20901a 0 = 6.39780 X 10"" m (14.189) 
The distance d c _ n ^ l ^ m along the intemuclear axis from the origin of the C atom to the 
point of intersection of the orbitals is given by 

5 d C-H dhom 2sp'HO = d C-H tatanet H lM 0 ~ C% (14.190) 

Substitution of Eqs. (14.178) and (14.189) into Eq. (14.190) gives 

J c^2^ = 0 - 1618 H=8.56687X 10- 12 m (14.191) 



BOND ANGLE OF THE CH, GROUPS 

10 Each CH 3 MO comprises a linear combination of three C-H -bond MOs. Each C-H- 
bond MO comprises the superposition of a # 2 -type ellipsoidal MO and the C eUtane 2sp* HO. 
A bond is also possible between the two H atoms of the C-H bonds. Such H - H bonding 
would decrease the C - H bond strength since electron density would be shifted from the 
C-H bonds to the H-H bond. Thus, the bond angle between the two C-H bonds is 

15 determined by the condition that the total energy of the H 2 -type ellipsoidal MO between the 

terminal H atoms ofthe C-H bonds is zero. From Eqs. (11.79) and (13.228), the distance 
from the origin to each focus ofthe H-H ellipsoidal MO is 



\m t e 2 2a V 



aa 0 

f- (14.192) 



The intemuclear distance from Eq. (13.229) is 



20 2c , »2.& 



(14.193) 



The length of the semirninor axis ofthe prolate spheroidal H-H MO b = c is given by Eq. 
(14.62). 

The bond angle of the CH 3 groups of ethane is derived by using the orbital 
composition and an energy matching factor as in the case with the CH 3 radical. Since the 
25 two tf 2 -type ellipsoidal MOs initially comprise 75% ofthe H electron density of H 2 and 
the energy of each H 2 -type ellipsoidal MO is matched to that of the C elham 2sp 3 HO, the 
component energies and the total energy E T of the H-H bond are given by Eqs. (13.67- 
13.73) except that V e , T, and V m are corrected for the hybridUzation-energy-nmtching factor 
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of 0.87495. Hybridization with 25% electron donation to the C-C -bond gives rise to the 

c^(c^2sp") given by Eq. (14.149). The 

corresponding normalization factor for determining the zero of the total H-H bond energy 
is given by the ratio of 15.55033 eV , the magnitude of £ Wmi ( C «»« )2 ^ 3 ) given by Eq- 
5 (14.149), and 13.605804 eV , the magnitude of the Coulombic energy between the electron 
and proton of H given by Eq. (1.243). The hybridization energy factor C tlhmC2 ^ H0 is 



e' 



'elhantC2tp > HO 



87Tg 0 fl 0 



8^ 0 a 0 



8?n? 0 0.87495a 0 



13.605804 eV 
15.55033 eV 



= 0.87495 (14.194) 



Substitution of Eq. (14.152) into Eq. (13.233) with the hybridization factor of 

> ■ 

0.87495 gives 



10 



0 = 



- e 



2 



fa* 



(0.87495)"' 1 1 



% a J 



a+ 



aa r 



-ft 



-1 



1+ 



2^ 


0.75e 2 


4xe 0 a 3 




m.c 2 



i 



0J5e 2 


e 2 


%7C€ 0 C? 




0.5m n 



(14.195) 

From the energy relationship given by Eq. (14.195) and the relationship between the axes 
given by Eqs. (14.192-14.193) and (14.62-14.63), the dimensions of the H-H MO can be 
solved. 

15 The most convenient way to solve Eq. (14.195) is by the reiterative technique using a 

computer. The result to within the round-off error with five-significant figures is 

(14.196) 



a = 5.7000a 0 =3.0163 X 10" 10 m 
Substitution of Eq. (14.196) into Eq. (14.192) gives 

c' = 1.6882a 0 =8.9335 X 10*" nt 
20 The internuclear distance given by multiplying Eq. (1 4. 1 97) by two is 

2c' = 3.3764o 0 =1.7867 X 10 -10 m 
Substitution of Eqs. (14.196-14.197) into Eq. (14.62) gives 

b = c = 5.4443a„ = 2.8810 X 10" 10 m 



(14.197) 



(14.198) 



(14.199) 
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Substitution of Eqs. (14.196-14.197) into Eq. (14.63) gives 

e = 0.2962 (14.200) 
From, 2c' H _ H (Eq. (14.198)), the distance between the two H atoms when the total 
energy of the corresponding MO is zero (Eq. (14.195)), and 2c' c _ H (Eq. (14.179)), the 
5 internuclear distance of each C-H bond, the corresponding bond angle can be determined 
from the law of cosines. Using, Eq. (13 .242), the bond angle Q between the C - H bonds is 



8 = cos 



-i 



2(2.09424) -(3.3764) 



= cos" 1 (-0.29964) = 107.44° (14.201) 



2(2.09424) 

The experimental angle between the C - H bonds is [8] 

(9=107.4° (14.202) 
1 0 The CH 3 radical has a pyramidal structure with the carbon atom along the z-axis at 

■ 

the apex and the hydrogen atoms at the base in the xy-plane. The distance d orlgln _ H from the 
origin to the nucleus of a hydrogen atom given by Eqs. (14.198) and (13.412) is 

4**-* =1-949360, (14-203) 
The height along the z-axis of the pyramid from the origin to C nucleus given by Eqs. 

15 (13.414), (14.179), and (14.203) is 

<W =0.76540a 0 (14-204) 

The angle 0, of each C-H bond from the z-axis given by Eqs. (13.416), (14.203), and 

(14.204) is 

0, =68.563° (14.205) 
20 The C-C bond is along the z-axis. Thus, the bond angle 9 c _c_ H between the internuclear 
axis of the C - C bond and a H atom of the methyl groups is given by 

0c-c-*=l 8 °-^ (14.206) 

Substitution of Eq. (14.205) into Eq. (14.206) gives 

111.44° (14-207) 

25 The experimental angle between Hie C -C-H bonds is [3] 

Oc-c-h =111-17° (I 4 - 208 ) 
The CH 3 CH 3 MO shown in Figure 39 was rendered using these parameters. A minimum 
energy is obtained with a staggered configuration consistent with observations [3]. 
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The charge-density in the C-C -bond MO is increased by a factor of 0.25 with the 
formation of the C elhane 2sp 3 HOs each having a smaller radius. Using the orbital composition 
of the CH 3 groups (Eq. (14.173)) and the C-C-bond MO (Eq. (14.139), the radii of 
015 = 0.1711300 (Eq. (10.51)) and C elham 2sp 3 = 0.87495a 0 (Eq. (14.148)) shells, and the 
5 parameters of the C-C-bond (Eqs. (13.3-13.4), (14.158-14.160), and (14.162-14.172)), the 
parameters of the C-#-bond MOs (Eqs. (13.3-13.4), (14.177-14.179), and (14.181- 
14.191)), and the bond-angle parameters (Eqs. (14.195-14.208)), the charge-density of the 
CH 3 CH 3 MO comprising the linear combination of two sets of three C-H -bond MOs and a 
C-C-bond MO bridging the two methyl groups is shown in Figure 39. Each C-H -bond 
10 MO comprises a /f 2 -type ellipsoidal MO and a C ellmtt 2sp 3 HO having the dimensional 
diagram shown in. Figure 38, The C-C-bond MO comprises a # 2 -type ellipsoidal MO 
bridging two C ethane 2sp* HOs having the dimensional diagram shown in Figure 37. 

ENERGIES OF THE CH 3 GROUPS 

The energies of each CH y group of ethane are given by the substitution of the semiprmcipal 
15 axes (Eqs. (14.177-14.178) and (14.181)) into the energy equations of the methyl radical 
(Eqs. (13.556-13.560)), with the exception that E[C etlam ,2sp 3 ) replaces E{C,2sp 3 ) inEq. 
(13.560): 



V, = 3(0.91771) ^L= m ^±^E=E = -107.68424 eV (14.209) 

$X£ 0 yl a 2 - b 2 a-yja 2 -b 2 



V p = 3 f = 38.98068 eV (14.210) 

%7ce a y]a -b 2 



20 T = 3(0.91771) f In "*^"* 2 =32.73700 eV (14.211) 

2m c a^a 2 -b 2 a-ja 2 -b 2 

V a = 3(0.91771) .fofl+V" 2 -* 2 = _i 6i3685 o eV (14.212) 

4m e a-Ja 2 -b 2 a-4a 2 -b 2 

E T [CH 3 ) = --^— { (0.91771)f2-lAV^-ll-15.35946eF = -67.69451 eV 
"*-* 8/r? 0 c L \ 2 a ) a-c' J 

(14.213) 

where E T ^ (CH 3 ) is given by Eq. (14.174) which is reiteratively matched to Eq. (13.542) 
25 within five-significant-figure round off error. 
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VIBRATION OF THE n CH 3 GROUPS 

■ 

The vibrational energy levels of CH % in ethane may be solved as three equivalent coupled 
harmonic oscillators by developing the Lagrangian, the differential equation of motion, and 
5 the eigenvalue solutions [9] wherein the spring constants are derived from the central forces 
as given in the Vibration of Hydrogen-Type Molecular Ions section and the Vibration of 
Hydrogen-Type Molecules section. 

THE DOPPLER ENERGY TERMS OF THE n CH, GROUPS 

10 The equations of the radiation reaction force of the methyl groups in ethane are the same as 
those of the methyl radical with the substitution of the methyl-group parameters. Using Eq. 
(13.561), the angular frequency of the reentrant oscillation in the transition state is 



0.75e 2 



4^ = 2<50664X 1Q i6 rad/s (14.214) 

where b is given by Eq. (14.181). The kinetic energy, E K , is given by Planck's equation (Eq. 
15 (11.127)): 

E K =hco = h2.50664X 10 16 rad/s = 16.49915 eV (14.215) 
In Eq. (11.181), substitution of E T (H 2 ) (Eqs. (11.212) and (13.75)), the maximum total 
energy of each Z7 2 -type MO, for E^, the mass of the electron, m e9 for Af , and the kinetic 
energy given by Eq. (14.215) for E K gives the Doppler energy of the electrons of each of the 
20 three bonds for the reentrant orbit: 



In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. The decrease in the energy of CH 3 due to 
the reentrant orbit of each bond in the transition state corresponding to simple harmonic 
25 oscillation of the electrons and nuclei, E osc , is given by the sum of the corresponding 
energies, E D given by Eq. (14.216) and E Kvib , the average kinetic energy of vibration which 
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is 1/2 of the vibrational energy of each C-H bond. Using <o e given by Eq. (13.458) for 
E Kvlb of the transition state having three independent bonds, E \ tham M ( {2 CH 3 ) per bond is 



cllrant osc 



( l2 CH 3 ) = E D+ E M =E D+ Ufc 



E osc ( n CH 3 ) = -0.25422 e V + -(0.35532 eV) = -0.07656 cK 

2 

5 Given that the vibration and reentrant oscillation is for three C-H bonds, ^ 
is: 

' ^ 2 

= 3^-0.25422 +|(0.35532 eV) 
= -0.22967 



ethane osc 



(14.2.17) 



(14.218) 



(14.219) 



TOTAL AND DIFFERENCE ENERGIES OF THE n CH 3 GROUPS 

t 

1 0 E ethamT+osc ( n CH 3 ) , the total energy of each 12 Ci/ 3 group including the Doppler term, is given 

t * t 

by the sum of E^CH,) (Eq. (14.213)) and E elhme03C ( u CH 3 ) given by Eq. (14.219): 



= £ ^(^ 3 ) + ^ asf ( ,2 C/f 3 ) 



(14.220) 



E 



ethaneT+osc 



(> 2 CH 3 ) = 



-^-T(0.9177l)f2-i--^-lln— -l"|-15.359469 eV 
%ns 0 c' [ \ 2 a ) a-d' J , 



-3 





3 e 2 




4 4^e 0 & 3 




m e c 2 



(31.63536831 eK)t — " ^— ift — 

l l M 2 in) 



= -67.69450 eF- 3 



0.25422 eF 



(14.221) 



From Eqs. (14.217-14.221), the total energy of each ,2 C#> is 
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( n CH 3 ) = -67.69450 eV+E alumeosc ( 12 CH 3 ) 

( 1 ^ 

0.25422 eV — (0.35532 eV) 



= -67.69450 eV-3 



= -67.92417 eV 



\ 



(14.222) 



where a> e given by Eq. (13.458) was used for the ftj^ term. 

The total energy for each methyl radical given by Eq. (13.569) is 
Wf 2 ^)= -67.69450 eV +E raBoal m {°Cg,) 

= -67.69450 eF-3fo.25670eF-i(0.35532eF)J (14.223) 

= -67.93160 eV 

5 The difference in energy between the methyl groups and the methyl radical AE T+0SC ( n CH 3 J is 
given by two times the difference between Eqs. (14.222) aind (14.223): 

^Et+osc ( n CH % ) = 2 (E ethaneT+03C ( n CH 3 ) - E rad}ca!T+osc ( 12 C// 3 ) ) 

- 2(-67.92417 eK-(-67.93160 eV)) (14.224) 

- 0.01487 eV 



SUM OF THE ENERGIES OF THE C-C a MO AND THE HOs OF 
10 ETHANE 

The energy components of V c , V p , T, V m , and E T of the C-C-bond MO are the same as 
those of the CH MO as well as each C-H -bond MO of the methyl groups except that 
energy of the C e0tane 2sp 3 HO is used. The energies of each C-C -bond MO are given by the 
substitution of the semiprincipal axes (Eqs. (14.158-14.159) and (14.162)) into the energy 
15 equations of the CH MO (Eqs. (13.449-13.453)), with the exception that E[C ethancy 2sp 3 ) 

replaces E(C,2sp*) inEq. (13.453): 



2 / 2 2 

V t =(0.91771) =^ ln ° + 7 ~ b =-29.101124 eV (14.225) 

V Zne^a 2 -b 2 a-Ja 2 -b 2 

V = 7 = 9.37273 <?K (14.226) 

%7is^a 2 -b 2 

T = (0.91771) ^l_ln^^2 = 6.90500 (14.227) 

2m e a4a 2 -b l a-Jcf-b 2 
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V m =(0.91771) 



-ft 



4m e ayja 2 - b 2 a-Ja 2 -b 2 



, a+Ja 2 -b 2 

In ^ a = -3.45250 eV 



(14.228) 



E T [C-C,a) = 



■ (0.91771) \2~M\n—-l -15.35946 eF = -31.63535 eV 

(14.229) 

where ^(C-C.tr) is the total energy of the C-C a MO given by Eq. (14.155) which is 
5 reiteratively matched to Eq. (13.75) within five-significant-figure round off enror. 

The total energy of the C - C -bond MO, E T [C - C) , is given by the sum of two times 

E T [C-C,2sp 3 ) , the energy change of each C2sp 3 shell due to the decrease in radius with 

the formation of the C-C-bond MO (Eq. (14.151)), and ^(C-C.cr), the cr MO 
contribution given by Eq. (1 4.1 56): 
E T (C - C) = 2E T (C - C, 2sp* ) + E T (C - C, a) 

'2(-0.72457eF)+ 

_2 



10 



(0.9177l)f 2-!-30 to £±aS- 

V \ 2 a) a-fi^ 



1 



-15.35946 eV 



(14.230) 



= 2(-0.72457 eF)+(-31.63537 eF) 
= -33.08452 eV 



VIBRATION OF ETHANE 

The vibrational energy levels of CH^CH 3 may be solved as two sets of three equivalent 

coupled harmonic oscillators with a bridging harmonic oscillator by developing the 
1 5 Lagrangian, the differential equation of motion, and the eigenvalue solutions [9] wherein the 
spring constants are derived from the central forces as given in the Vibration of Hydrogen- 
Type Molecular Ions section and the Vibration of Hydrogen-Type Molecules section. 



THE DOPPLER ENERGY TERMS OF THE C-C -BOND MO OF ETHANE 
20 The equations of the radiation reaction force of the symmetrical C-C -bond MO are given by 
Eqs. (11.231-11.233), except the force-constant factor is 0.5 based on the force constant k' 
of Eq. (14.1 52), and the C - C -bond MO parameters are used. The angular frequency of the 
reentrant oscillation in the transition state is 
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0.5e : 



£0 = 



i 



^S5L = 9.55643 X \0 x$ .radls (14.231) 



where a is given by Eq. (14.158). The kinetic energy, E K , is given by Planck's .equation (Eq. 
(11.127)): 

E K =h(D = ^9.55643 X 10 15 radls = 6.29021 (14.232) 
5 In Eq. (11.181), substitution of E T (C-C) (Eq. (14.230)) for E^, the mass of the electron, 

m e , for M , and the kinetic energy given by Eq. (14.232) for E K gives the Doppler energy of 
the electrons of each of the three bonds for the reentrant orbit: 



2E, \2e (6.29021 eV) /V< , J| „, Tr 
En s E.A=^r = -33.08450 eF J— * = Z = -0.16416 (14.233) 

In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
10 transition state at their corresponding frequency. The decrease in the energy of the C-C- 
bond MO due to the reentrant orbit of the bond in the transition state corresponding to simple 

harmonic oscillation of the electrons and nuclei, E w% is given by the sum of the 
corresponding energies, E D given by Eq. (14.233) and E Kvib> the average kinetic energy of 
vibration which is 1/2 of the vibrational energy of the C-C bond. Using the experimental 
15 C-C E vib (u 3 ) of 993cm" 1 (0.12312 eV) [10] for E Kvib of the transition state, 

E osc (C-C,v) is 

E m (C - C,<x) = E D + E Kvlb =E D +\*fe (14-234) 

E osc (C -C,a) = -0.16416 eV +-(0.12312 eV) = -0.10260 eV (14.235) 

2 



20 TOTAL ENERGIES OF THE C-C -BOND MO OF ETHANE 

Et+ox { c ~ c )> the total ener gy of the C-C -bond MO including the Doppler term, is given 
by the sum of E,. (C-C) (Eq. (14.230))and E BSC (C-C,cr) given by Eq. (14.235): 
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^(^-C) = ^ + 7 , + ^ + ^ + £(C„w > V)+2£ r (C--C,25p 3 )+E ore (C-C,cr) 

= E T (C - C, a) + 2E T (C - C, 2sp 3 ) + E ^ (C - C, <j) 
= E T {C-C) + E tac {C-C,*) 



(14.236) 



V 

f 



$ns 0 c f 



(0.91771)1 2- 



1 a 



\ 



^ 2a^ 



In 



a-c 



1 



- 1 5.35946 eV + 2E T (C - C, 2ap 3 ) 



M 



2^ 


1 e 2 


2 4flS 0 a 3 




m e c 2 



2 V/t 



= -33.08452 eV -0.16416 eV+- hi— 

2 \m 



5 From Eqs. (1 4.234-14.237), the total energy of the C-C -bond MO is 

E T+otc (C - C) = -3 1 .63537 eV+2E r (C-C, 2sp 3 )+E osc (C-C, a) 

1 



(14.237) 



= -31.63537 eF + 2(-0.72457 eF)-0.16416 eF+ -(0.12312 eF) (14.238) 

2 

= -^33.18712 eF 



where the experimental i? w6 was used for the hj— term. 



BOND ENERGY OF THE C-C BOND OF ETHANE 
10 The dissociation energy of the C-C bond of CH 3 CH 3 , E D (H 3 C-CH 3 ), is given by two 

times E(C,2sp 3 ) (Eq. (14.146)), the initial energy of the C2sp 3 HO of each CH 3 radical 

that bond wilh a single C-C bond, minus the sum of AE T+0SC ( l2 CH 3 ) (Eq. (14.224)), the 

energy change going from the methyl radicals to the methyl groups of ethane, and 
E T+0SC (C-C) (Eq. (14.238)). Thus, the dissociation energy of the C-C bond of CH 3 CH 3 , 



15 is 



E D {H 3 C-CH 3 ) = 2(E(casp 1 ))-{AE r ^( n CH 3 )+E T , <ae (C-C)) 

= 2(-14.63489 eF)-(0.01487 eF-33.18712 eV) 
= 2(-14.63489 eF)-(33.17225 eV) 
= 3.90247 eV 



(14.239) 
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The experimental dissociation energy of the C-C bond of CH 3 CH 3 is [6] 

E D {H 3 C-CH 3 ) = 3.89690 eV (14< 2 40) 
The results of the determination of bond parameters of CH 3 CH 3 are given in Table 
14.1. The calculated results are based on first principles and given in closed-form, exact 
5 equations containing fundamental constants only. The agreement between the experimental 
and calculated results is excellent 



ETHYLENE MOLECULE ( CH 2 CH 2 ) 

The ethylene molecule CH 2 CH 2 is formed by the reaction of two dihydrogen carbide 
10 radicals: 

CH 2 +CH 2 -+CH 2 CH 2 (14.241) 
CH 2 CH 2 can be solved using the same principles as those used to solve the methane series 
CHn-w t 4 ' wherein the 2s and 2p shells of each C hybridize to form a single 2sp* shell as 

• * 

an energy minimum, and the sharing of electrons between two C2sp* hybridized orbitals 
15 (HOs) to form a molecular orbital (MO) permits each participating hybridized orbital to 

decrease in radius and energy. First, two sets of two H atomic orbitals (AOs) combine with 

two sets of two carbon 2sp z HOs to form two dihydrogen carbide groups comprising a linear 
. combination of four diatomic H 2 -type MOs developed in the Nature of the Chemical Bond of 

Hydrogen-Type Molecules and Molecular Ions section. Then, the two CH 2 groups bond by 
20 forming a H 2 -type MO between the remaining two C2sp 3 HOs on each carbon atom. 



FORCE BALANCE OF THE C = C -BOND MO OF ETHYLENE 

CH 2 CH 2 comprises a chemical bond between two CH 2 radicals wherein each radical 
comprises two chemical bonds between carbon and hydrogen atoms. The solution of the 
25 parameters of CH 2 is given in the Dihydrogen Carbide (CH 2 ) section. Each C-H bond of 

CH 2 having two spin-paired electrons, one from an initially impaired electron of the carbon 
atom and the other from the hydrogen atom, comprises the linear combination of 75% H 2 - 
type ellipsoidal MO and 25% C2sp 3 HO. The proton of the H atom and the nucleus of the 
C atom are along each internuclear axis and serve as the foci. As in the case of H 2 , each of 
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the two C- H -bond MOs is a prolate spheroid with the exception that the ellipsoidal MO 
surface cannot extend into C2sp 3 HO for distances shorter than the radius of the C2sp 3 shell 
since it is energetically unfavorable. Thus, each MO surface comprises a prolate spheroid at 
the H proton that is continuous with the C2sp 3 shell at the C atom whose nucleus serves as 

5 the other focus. The electron configuration and the energy, E(c>2sp 3 } , of the C2sp 3 shell is 

given by Eqs. (13.422) and (13.428), respectively. The central paramagnetic force due to spin 
of each C - H bond is provided by the spin-pairing force of the CH 2 MO that has the 

symmetry of an s orbital that superimposes with the C2sp 3 orbitals such that the 
corresponding angular momenta are unchanged. 
10 Two CH 2 radicals bond to form CH 2 CH 2 by .forming a MO between the two pairs of 

remaining C2sp 3 -HO electrons of the two carbon atoms. However, in this case, the sharing 

of electrons between four C2sp 3 HOs to form a molecular orbital (MO) comprising four 

spin-paired electrons permits each C2sp 3 HO to decrease in radius and energy. 

As in the case of the C-H bonds, the C = C -bond MO is a prolate-spheroidal-MO 
1 5 surface that cannot extend into C2sp 3 HO for distances shorter than die radius of the C2$p 3 
shell of each atom. Thus, the MO surface comprises a partial prolate spheroid in between the 
carbon nuclei and is continuous with the C2sp 3 shell at each C atom. The energy of the H 2 - 

type ellipsoidal MO is matched to that of the C2sp 3 shell. As in the case of previous 
examples of energy-matched MOs such as those of OH , NH , CH , the C = O -bond MO of 
20 C0 2 , and the C - C -bond MO of CH 3 CH^ , the C = C -bond MO of ethylene must comprise 

75% of a i/ 2 -type ellipsoidal MO in order to match potential, kinetic, and orbital energy 
relationships. Thus, the C = C -bond MO must comprise a linear combination of two MOs 
wherein each comprises two C2sp 3 UOs and 75% of a i/ 2 -type ellipsoidal MO divided 

between the C2sp 3 HOs: 

25 

2(2 C25p 3 + 0.75 H 2 MO) -> C = C -bond MO (14.242) 

The linear combination of each H 2 -type ellipsoidal MO with each C2sp 3 HO further 
comprises an excess 25% charge-density contribution from each C2^? 3 HO to the C = C - 
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bond MO to achieve an energy minimum. The force balance of the C = C -bond MO is 
determined by the boundary conditions that arise from the linear combination of orbitals 
according to Eq. (14.242) and the energy matching condition between the C2sp 3 -HO 
components of the MO. 

5 Similarly, the energies of each CH 2 MO involve each C2sp 3 and each #1.? electron 

with the formation of each C-H bond. The sum of the energies of the H 2 -type ellipsoidal 
MOs is matched to that of the C2sp 3 shell. This energy is determined by the considering the 
effect of the donation of 25% electron density from the two pairs of C2sp 3 HOs to the 
C = C -bond MO with the formation of the C €ihylerie 2sp 3 HOs each having a smaller radius. 

10 The 2sp* hybridized orbital arrangement is given by Eq. (14.140). The sum E T (c,2sp 3 )of 
calculated energies of C , C , C 2 \ and C 3+ is given by Eq. (14.141). The radius of the 
C2sp* shell is given by Eq. (14.142). The Coulombic energy E Coulomb (C 9 2sp 3 ) and the 
energy E(c,2sp 2 ) of the outer electron of the C2sp 3 shell are given by Eqs. (14.143) and 
(14.146), respectively. 

15 Next, consider the formation of the C = C -bond MO of ethylene from two CH 2 

radicals, eachhavinga C2sp 3 electron withanenergy given by Eq. (14.146). The total energy 
of the state is given by the sum over the four electrons. The sum E T {C ethylene , 2sp* ) of 
calculated energies of C2sp\ C\ C 2 \ and from Eqs. (10.123), (10.113-10.114), 
(10.68), and (10.48), respectively, is 

^r(^ tt e 9 25p 3 ) = -(64.3921 eF + 48.3125 eF + 24.2762 eV + E(C,2sp z )) 
20 =-(64.3921 eF+48.3125 eF + 24.2762 eV+ 14.63489 eV) 

= -151.61569 eV 

(14.243) 

where E(C 9 2sp l ) (Eq. (14.146)) is the sum of the energy of C, -11.27671 eV \ and the 
hybridization energy. The orbital-angular-momentum interactions also cancel such that the 
energy of the E T (C el)iylene ,2sp 3 ) is purely Coulombic. 

25 The sharing of electrons between two pairs of C2^p 3 HOs to form a C = C -bond MO 

permits each participating hybridized orbital to decrease in radius and energy. In order to 
further satisfy the potential, kinetic, and orbital energy relationships, each participating 
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C2sp 3 HO donates an excess of 25% per bond of its electron density to the C = C -bond MO 

to form an energy minimum. By considering this electron redistribution in the ethylene 
molecule as well as the feet that the central field decreases by an integer for each successive 

electron of the shell, the radius r . of the C2sp* shell of ethylene may be calculated 
5 from the Coulombic energy using Eq. (1 0. 1 02): 



«=2 J 



e 2 9.5e 



= 0.85252a 0 



8?n? 0 (el51.61569 eV) &xe 0 (el51.61569 eV) 

(14.244) 

where Z = 6 for carbon. Using Eqs. (10.102) and (14.244), the Coulombic energy 
E Cmltmh (C el¥ene , 2sp 3 ) of the outer electron of the C2sp 3 shell is 

10 E^ b (C e ,^sp')=-—~- - — =-15.95955 eV (14.245) 

8 ^ VfeneIap) 8^ 0 0.85252a 0 

During hybridization, one of the spin-paired Is electrons is promoted to C2sp 3 shell as an 
unpaired electron. The energy for the promotion is the magnetic energy given by Eq. 
(13.152). Using Eqs. (14.145) and (14.245), the energy E(C elhylem ,2sp 3 ) of the outer electron 

of the C2sp 3 shell is 

f(c WU " g2 i 2 W 2 ft 2 
zy^ahyu^^P + — 2 r O 

15 =-15.95955 eV + 0A9086eV (14.246) 

= -15.76868 eV 

' Thus, E T {c = C,2sp 3 ), the energy change of each Clsp 3 shell with the formation of the 
C = C -bond MO is given by the difference between Eq. (14.146) and Eq. (14.246): 

E T (C = C, 2sp 3 ) = E (C elhy!em , 2sp 3 )-E(C, 2sp 3 ) 

= -15.76868 eF- (-14.63489 eK) (14.247) 
= -1.13380 eV 

As in the case of Cl 2 , each H 2 -type ellipsoidal MO comprises 75% of the C = C -bond MO 

20 shared between two C2sp 3 HOs corresponding to the electron charge density in Eq. (11.65) 
0 75c 

of — : . But, the additional 25% charge-density contribution to each bond of the C = C - 

— € 

bond MO causes the electron charge density in Eq. (1 1 .65) to be is given by — = -0.5e . The 

2 
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corresponding force constant k 1 is given by Eq. (14.152). In addition, the energy matching at 

both C2sp* HOs further requires that k ' be corrected by the hybridization factor given by Eq. 

(13.430). Thus, the force constant V to determine the ellipsoidal parameter c s in terms of 
the central force of the foci (Eq. (1 1 .65)) is given by 

ff „ (0.5)2e 2 AAi _ 4 (0.5)2e 2 ,t„oyi<A 
5 k = C c^»o . 88 0-91771^—^ (14.248) 

C2&HO 4^ 4^ 0 

The distance from the origin to each focus c % is given by substitution of Eq. (14.248) into Eq. 
(13.60). Thus, the distance from the origin of the component of the double C = C -bond MO 
to each focus c ' is given by 



c . s a- j„ 5 = (14.249) 



(0.91771)/w-e 2 tf V 0.91771 
10 The internuclear distance from Eq. (14.249) is 



2c' = 2j ^° ' (R250) 
0.91771 

The length of the semiminor axis of the prolate spheroidal C = C -bond MO b = c is given by 
Eq. (13.62). The eccentricity, e , is given by Eq. (13.63). The solution of the semimajor axis 
a then allows for the solution of the. other axes of each prolate spheroid and eccentricity of 
15 the C = C -bond MO. From the energy equation and the relationship between the axes, the 
dimensions of the C = C -bond MO are solved. 

The general equations for the energy components of V e , V p , T , V m , and E T of the 

C = C -bond MO are the same as those of the CH MO except that energy of the C ethylene 2sp 3 
HO is used and the double-bond nature is considered. In the case of a single bond, the prolate 
20 spheroidal H 2 -type MO transitions to the C ethylefie 2sp 3 HO of each carbon, and the energy of 

the C ethytent 2sp z shell must remain constant and equal to the E(C ethylene ,2sp 3> } given by Eq. 
(14.246). Thus, the energy E{C ethyleiie ,2sp 3 ) in Eq. (14.246) adds to that of the energies of the 
corresponding H 2 -type ellipsoidal MO. The second bond of the double C = C -bond MO 

■ 

also transitions to the C ethyfene 2sp* HO of each C. The energy of a second H 2 -type 

25 ellipsoidal MO adds to the first energy component, and the two bonds achieve an energy 
minimum as a linear combination of the two H z -type ellipsoidal MOs each having the carbon 

nuclei as the foci. Each C-C -bond MO comprises the same C ethyle „ e 2sp HO shells of 
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constant energy given by Eq. (14.246). As in the case of the water, NH 2 , and ammonia 

molecules given by Eqs. (13.180), (13.320), and (13.372), respectively, the energy of the 
redundant shell is subtracted from the total energy of the linear combination of the a MO. 

Thus, the total energy (C = C,a) of the a component of the C = C -bond MO is given by 
5 the sum of the energies of the two bonds each comprising the linear combination of the 
C e0jylene 2sp 3 HO and the if 2 -type ellipsoidal MO as given by Eq. (14.242) wherein the E T 

terms add positively, the E{C ethyUmi 2sp 3 } terms cancel, and the energy matching condition 

between the components is provided by Eq. (14.248). Using Eqs. (13.431) and (14.246), 
E T (C = C, a) is given by 



E T {C = C 9 a) = E T +E(C et ^ c ^ 



10 



2e : 



•thylene 

(0.91771) 



2- 



I.£2 
2 a 



\ 



In 



a+c' .1 
a-c' J 



(14.251) 



The total energy term of the double C = C -bond MO is given by the sum of the two # 2 -type 
ellipsoidal MOs given by Eq. (11.212). To match this boundary condition, R,.(C = C,cr) 



given by Eq. (14.251) is set equal to two times Eq. (13.75): 



E T (C=C,a)=- 



2£ 
Sas 0 c ' 



(0.91771) 



2 _iAl m «±£-_i 



= -63.27074 eV 



(14.252) 



2 a } a-c 

15 From the energy relationship given by Eq. (14.252) and the relationship between the axes 
given by Eqs. (14.249-14.250) and (13.62-13.63), the dimensions of the C = C -bond MO can 
be solved. 

Substitution of Eq. (14.249) into Eq. (14.252) gives 



2e' 



0.91771 



(0.9177l)^2-i^ln a+ ^ 



aa F 



91771 



-i 



act. 



91771 



= €63.27074 (14.253) 



20 The most convenient way to solve Eq. (14.253) is by the reiterative technique using a 
computer. The result to within the round-off error with five-significant figures is 



a = 1.47228a 0 =7.79098 X 10"" m 
Substitution of Eq. (14.254) into Eq. (14.249) gives 
c' = 1. 26661 a 0 =6.70259 X 10"" m 
25 The intermiclear distance given by multiplying Eq. (14.255) by two is 



(14.254) 



(14.255) 
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2c' = 2.53321a 0 = 1.34052 X 10" 10 m (14.256) 
The experimental bond distance is [3] 

2c' = 1.339JST 10" 10 m (14.257) 
Substitution of Eqs. (14.254-14.255) into Eq. (13.62) gives 

5 b = c = 0.75O55a 0 = 3.97173 X 10~ n m (14.258) 

Substitution of Eqs. (14.252-14.255) into Eq. (13.63) gives 

e = 0.86030 (14.259) 
The nucleus of the C atoms comprise the foci of the H 2 -type ellipsoidal MO. The 

parameters of the point of intersection of the H 2 -type ellipsoidal MO and the C ell9imt 2sp i HO 

10 are given by Eqs. (13.84-13.95) and (13.261-13.270). The polar intersection angle 0' is 
given by Eq. (13.261) where r n = r , = 0.85252a 0 is the radius of Ihe C^Jlsp 3 shell. 

Substitution of Eqs. (14.254-14.255) into Eq. (13.261) gives 

0' = 129.84° (14.260) 

Then, the angle 9„ _ , ,„„ the radial vector of the C2sp 3 HO makes with the internuclear 
15 axis is 

=180 °- 129 - 84 ° = 50160 (14 - 261 > 

as shown in Figure 40. 

Consider the right-hand intersection point. The distance from the point of intersection of the 
20 orbitals to the internuclear axis must be the same for both component orbitals. Thus, the 
angle cot = 0c*^ kmt n a uo between the internuclear axis and the point of intersection of the H 2 - 

type ellipsoidal MO with each C ethylene 2sp 3 radial vector obeys the following relationship: 

r LI , ,sin# - =O.85252a o sin0, . ,„ =&sin0 c _ c „„ 0 (14.262) 

such that 



i 



9S a t 0.85252a 0 sin<9 2apJffp Q,85252a o sin50.16° 
25 ^c-c^^o^sm - = sin - (14.263) 

with the use of Eq. (14.261). Substitution of Eq. (14.258) into Eq. (14.263) gives 

'^WW-d =60.70" (14.264) 

Then, the distance d CtMC n ^ 0 along the internuclear axis from the origin of i/ 2 -type 

ellipsoidal MO to the point of intersection of the orbitals is given by 
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= acosft 



(14.265) 



Substitution of Eqs, (14.254) and (14.264) into Eq. (14.265) gives 



d c-c^Mo = 0.7204ba 0 = 3.81221 X 10r" m (14.266) 




2*^/0 doil 8 the intemuclear axis from the origin of the C atom to the 



5 point of intersection of the orbitals is given by 




Substitution of Eqs. (14.255) and (14.266) into Eq. (14.267) gives 



d c=c^WHo = 0.54620a 0 = 2.89038 X KT" m (14.268) 



10 FORCE BALANCE OF THE CH 2 MOs OF ETHYLENE 

Each of the two equivalent CH 2 MOs must comprise two C - H bonds with each comprising 
75% of a # 2 -type ellipsoidal MO and a C2sp* HO as given by Eq. (13.494): 



The force balance of the CH 2 MO is determined by the boundary conditions that arise from 
the linear combination of orbitals according to Eq. (13.494) and the energy matching 
condition between the hydrogen and C2sp* HO components of the MO. 



20 ellipsoidal-MO component of the CH 2 MO in terms of the central force of the foci is given 
by Eq. (13.59). The distance from the origin of each C-H -bond MO to each focus & is 
given by Eq. (13.60). The intemuclear distance is given by Eq. (13.61). The length of the 
semiminor axis of the prolate spheroidal C- 77 -bond MO b = c is given by Eq. (13.62). The 
eccentricity, e , is given by Eq. (13.63). The solution of the semimajor axis a then allows for 

25 the solution of the other axes of each prolate spheroid and eccentricity of each C - H -bond 
MO. From the energy equation and the relationship between the axes, the dimensions of the 
CH 2 MO are solved. 

Consider the formation of the double C = C -bond MO of ethylene from two CH 
radicals, each having a C2sp 3 shell with an energy given by Eq. (14.146). The energy 



2[l C2sp i +0.75 H 2 MO] -> CH 2 MO 



(14.269) 



The force constant k' to determine the ellipsoidal parameter c' of the each H 2 -type- 
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components of V e , V p > T , V m> and E T are the same as those of the dihydrogen carbide 
radical, two times those of CH corresponding to the two C - H bonds, except that two times 
E T [C = C 9 2sp l ) is subtracted from E T (CH 2 ) of Eq. (13.495). The subtraction of the energy 

change of the C2sp z shells with the formation of the C = C -bond MO matches the energy of 
5 the C - H -bond MOs to the decrease in the energy of the C2sp 3 HOs. Using Eqs. (13.495) 
and (14.247), E T (CH 2 ) is given by 



Tcdpkrtc 

E r^ {CH 2 ) = E T + E (C, 2sp 3 ) - 2E T (C = C, 2sp 3 ) 



2e : 



-1 



^-14.63489 eF- (-2.26758 eV) 



(14.270) 



E Tt (C# 2 ) given by Eq. (14.270) is set equal to two times the energy of the # 2 -type 
ellipsoidal MO minus the Coulombic energy of H given by Eq. (13.496): 



10 



{CH 2 ) = 



2e' 



(0.91771)1 2-i-^lln— -1 



2 a 



a-c 



^-14.63489 eV -(-2.26758 eV) 



= -49.66493 



(14.271) 

From the energy relationship given by Eq. (14.271) and the relationship between the axes 
given by Eqs. (13.60-13.63), the dimensions of the CH 2 MO can be solved. 
Substitution of Eq. (13.60) into Eq. (14.271) gives 



15 



2e' 



i 3 



(0.91771) 



2- 



1 a, 



\ 



2a) 



a+ 



'2aa r 



In 



-i 



= e37.29762 



(14.272) 



The most convenient way to solve Eq. (14.272) is by the reiterative technique using a 
computer. The result to within the round-off error with five-significant figures is 



20 



a = 1.56946o 0 = 8.30521 X 10 _n m 
Substitution of Eq. (1 4.273) into Eq. ( 1 3 .60) gives 

c' = 1.02289o 0 = 5.41290 X 10 _n m 
The internuclear distance given by multiplying Eq. (14.274) by two is 

2c' = 2.04578a 0 = 1.08258^ lO" 10 m 



(14.273) 



(14.274) 



(14.275) 



The experimental bond distance is [3] 
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2c' = 1.087 X 10" 10 m (14.276) 
Substitution of Eqs. (14.273-14.274) into Eq. (14.62) gives 

& = c = 1.19033o 0 = 6.29897 X 10 -n m : (14.277) 

Substitution of Eqs. (14.273-14.274) into Eq. (14.63) gives 
5 e = 0.65175 (14.278) 

The nucleus of the H atom and the nucleus of the C atom comprise the foci of each 
F 2 -type ellipsoidal MO. The parameters of the point of intersection of the if 2 -type 

ellipsoidal MO and the C, %te „2sp 3 HO are given by Eqs. (13.84-13.95) and (13.261-13.270). 

The polar intersection angle 0' is given by Eq. (13.261) where r„ = r ethyltm2s f = 0.85252a 0 is 

■ 

10 the radius of the C eahykm 2sp 3 shell. Substitution of Eqs. (14.273-14.274) into Eq. (13.261) 

4 

gives 

0' = 84.81° (14.279) 

Then, the angle 0„ „ „ the radial vector of the C2sp* HO makes with the internuclear 

C-tf c »A7fc«2v HO 

axis is 

15 9 c-*^W*> =180°-84.81° = 95.19° (14.280) 

as shown in Figure 41 . 

■ » 

The distance from the point of intersection of the orbitals to the internuclear axis must be th$ 
same for both component orbitals. Thus, the angle tot = Oc-Ha^^o between the 

20 internuclear axis and the point of intersection of the #2 -type ellipsoidal MO with the 
^ethyum 2sp 3 radial vector obeys the following relationship: 

r „ , sin0 „ . , =O.85252a o sin0 r , =6sin6L HH M (14.281) 

such that 

%H ^ ***** * W*» = sta - 0-85252^95.19° 4 

25 with the use of Eq. (14.280). Substitution of Eq. (14.277) into Eq. (14.282) gives 

Oc-h^wo = 45.50° (14.283) 

Then, the distance d c _ H along the internuclear axis from the origin of H 2 -type 

ellipsoidal MO to the point of intersection of the orbitals is given by 
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dc-H^wo =acos0 c-H alvla „H l uo (14.284) 
Substitution of Eqs. (14.273) and (14.283) into Eq. (14.284) gives 

d c- H ^jwo =1.10002o 0 =5.82107 X 10"" m (14.285) 
The distance d c _ H ^ Wm along the intemuclear axis from the origin of the C atom to the 
5 point of intersection of the orbitals is given by 

C-H^, l^HO ~ d C-H ti ^ m ,H 1 MO ~ " ' (14.286) 

Substitution of Eqs. (14.274) and (14.285) into Eq. (14.286) gives 

d c-H^^Ho = 0.07713a,, = 4.08171 X W n m (14.287) 



10 BOND ANGLE OF THE CH 2 GROUPS 

Each CH 2 MO comprises a linear combination of two C - # -bond MOs. Each C-H -bond 
MO comprises the superposition of a # 2 -type ellipsoidal MO and the C el!vlene 2sp 3 HO. A 
bond is also possible between the two H atoms of the C- H bonds. Such H-H bonding 
would decrease the C-H bond strength since electron density would be shifted from the 

15 C-H bonds to the H-H bond. Thus, the bond angle between the two C-H bonds is 
determined by the condition that the total energy of the i/ 2 -type ellipsoidal MO between the 

terminal H atoms of the C-H bonds is zero. From Eqs. (1 1.79) and (13.228), the distance 
from the origin to each focus of the H-H ellipsoidal MO is 



c=a 



me 2 la 



(14.288) 



e 



20 The intemuclear distance from Eq. (13.229) is 

2C=2 ^? (14.289) 

The length of the semiminor axis of the prolate spheroidal H-H MO b = c is given by Eq. 
(14.62). 

The bond angle of the CH 2 groups of ethane is derived by using the orbital 
25 composition and an energy matching factor as in the case with the dihydrogen carbide radical 
and the CH 3 groups of ethane. Since the two tf 2 -type ellipsoidal MOs initially comprise 
75% of the H electron density of H 2 and the energy of each H z -Xwe ellipsoidal MO is 
matched to that of the C etlvlem 2sp 3 HO, the component energies and the total energy EL of the 
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H-H bond are given by Eqs, (13.67-13/73) except that V e , T , and V m are corrected for the 
hybridization-energy-matching factor of 0.85252 . Hybridization with 25% electron donation 
to the C = C -bond gives rise to the C efhylene 2sp % HO-shell Coulombic energy 

E coubmb{ C ethyien*> 2s P 3 ) 8 iven fc y Efl- (14.245). The corresponding normalization factor for 
5 determining the zero of the total H-H bond energy is given by the ratio of 15.95955 eV, 
the magnitude of E Coulomb [C ethyteney 2sp 3 ) given by Eq. (14.245), and 13.605804 eV , the 
magnitude of the Coulombic energy between the electron and proton of H given by Eq. 



(1 .243). The hybridization energy factor C 



etljyieneC2sp y HO 



IS 



' ethyleneC2sp y HO 



13.605804 eV 
15.95955 eV 



= 0.85252 (14.290) 



8**0.85252* 



10 Substitution of Eq. (14.290) into Eq. (13.233) or Eq. (14.195) with the hybridization 

factor of 0.85252 gives 



0 = 



- e 



(0.85252)" 1 f----^ 
\2 % a j 



In 




-n 



-i 



i+ 





(" D.75e 2 


2^ 







0.75e 2 


e 2 


8^ 0 a 3 


&K£ 0 (a + c'f 


0.5/w 



(14.291) 

i 

From the energy relationship given by Eq. (14.291) and the relationship between the axes 

15 given by Eqs. (14.192-14.193) and (14.62-14.63), the dimensions of the H-H MO can be 

• ' j 

solved. 

The most convenient way to solve Eq. (14.291) is by the reiterative technique using a 
computer. The result to within the round-off error with five-significant figures is 

(14.292) 

20 Substitution of Eq. (14.292) into Eq. (14.288) gives 
c' = 1.7378fl 0 =9.1961 X 10 -1 ' m 

The internuclear distance given by multiplying Eq. (14.293) by two is 



a = 6.0400a 0 = 3.1962 X 10 -10 m 



(14.293) 
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2c' = 3.4756a 0 = 1 .8392 X 10 -10 m (14.294) 



Substitution of Eqs. (14.292-14.293) into Eq. (14.62) gives 

b = c = 5.7846o 0 = 3.061 1 X 10' 10 m (14.295) 

Substitution of Eqs. (14.292-14.293) into Eq. (14.63) gives 
5 e = 0.2877 (14.296) 

From, 2c' H _ H (Eq. (14.294)), the distance between the two H atoms when the total 

energy of the corresponding MO is zero (Eq. (14.291)), and 2c' c _ H (Eq. (14.275)), the 
internuclear distance of each C-H bond, the corresponding bond angle can be determined 
from the law of cosines. Using, Eq. (13.242), the bond angle B HCH between the C-H bonds 

10 is . 

= cos' 1 (-0.443 18) = 116.31° (14.297) 



— r»r*o 



6 HCH = C0S 



r 2(2.04578) 2 -(3.4756) : 
2(2.04578) 2 

The experimental angle between the C-H bonds is [11] 

0„ c „ =116.6° (14.298) 

The C =s C bond is along the z-axis. Thus, based on the symmetry of the equivalent bonds, 
15 the bond angle 0 C=C _ H between the internuclear axis of the C = C bond and a H atom of the 

i i 

r _ i 

Cif 2 groups is given by 

g ctf . ff = ( 360 °~ gcHe ) (14.299) 

Substitution of Eq. (14.298) into Eq. (14.299) gives 

. 6> c+c _ w =121.85°- - (14.300) 
20 The experimental angle between the C = C-H bonds is [1 1] 

0c=c-h =121.7° (14.301) 

and [3] 

%«c-h =121-3° (14.302) 

a 

The C = C bond and # atoms of ethylene line in a plane, and rotation about the C = C is 
25 not possible due to conservation of angular momentum in the two sets of spin-paired 
electrons of the double bond. The CH 2 CH 2 MO shown in Figure 42 was rendered using 

« 

these parameters. 

The charge-density in the C = C -bond MO is increased by a factor of 0.25 per bond 
with the formation of the C et!tytcne 2sp* HOs each having a smaller radius. Using the orbital 
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composition of the CH 2 groups (Eq. (14.269)) and the C = C«bond MO (Eq. (14.242), the 
radii of Cls = 0.171 13a 0 (Eq. (10.51))and C et} ^ cne 2sp 3 =0.85252^ (Eq. (14.244)) shells, and 

the parameters of the C = C-bond (Eqs. (13.3-13.4), (14.254-14.256), and (14.258-14.268)), 
the parameters of the C- H -bond MOs (Eqs. (13.3-13.4), (14.273-14.275), and (14.277- 
5 14.287)), and the bond-angle parameters (Eqs. (14.297-14.302)), the charge-density of the 
CH 2 CH 2 MO comprising the linear combination of two sets of two C - H -bond MOs and a 

C = C -bond MO bridging the two C/f 2 groups is shown in Figure 42. Each C - if -bond 
MO comprises a i/ 2 -type ellipsoidal MO and a C et}¥ene 2sp % HO having the dimensional 
diagram shown in Figure 41. The C = C-bond MO comprises a # 2 -type ellipsoidal MO 
10 bridging two C ethj/iajc 2sp* HOs having the dimensional diagram shown in Figure 40. 



ENERGIES OF THE CH 2 GROUPS 

The energies of each CH 2 group of ethylene are given by the substitution of the semiprincipal 
axes (Eqs. (14.273-14.274) and (14.277)) into the energy equations of dihydrogen carbide 
15 (Eqs. (13.510-13.514)), with the exception that two times E T (C = C,2sp 3 ) (Eq. (14.247)) is 



subtracted from E T (CH 2 ) inEq. (13.514): 



V e =2(0.91771) ln^g 



= -76.00757 



(14.303) 



2e 2 

F = 



= 26.60266 eK 



(14.304) 



20 



7 = 2(0.91771) 



ft 



2m e a>l a 2 -b 2 a - yja 2 -b 



i a + \a 2 —b _ . . . _„ 
In i = 24.21459 



, I 2 i2 

V m = 2(0.91771) " In | =-12.10730 

4m e ay/a 2 -b 2 a -4 a 2 -b 2 



2e : 



%7Z£ 0 C' 



(0.91771) 



2 a,/ a-c 
^-14.63489. eF- (-2.26758 eV) 



(14.305) 



(14.306) 



= -49.66493 eV 



(14.307) 
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where JS,. {CH 2 ) is given by Eq. (14.270) which is reiteratively matched to Eq. (13.496) 
within five-significant-figure round off error. 

VIBRATION OF THE n CH 2 GROUPS 

5 The vibrational energy levels of CH 2 in ethylene may be solved as two equivalent coupled 

harmonic oscillators by developing the Lagrangian, the differential equation of motion, and 
the eigenvalue solutions [9] wherein the spring constants are derived from the central forces 
as given in the Vibration of Hydrogen-Type Molecular Ions section and the Vibration of 
Hydrogen-Type Molecules section. 

10 

THE DOPPLER ENERGY TERMS OF THE i2 CH 2 GROUPS 

The equations of the radiation reaction force of the CH 2 groups in ethylene are the same as 
those of the dihydrogen carbide radical with the substitution of the CH 2 -group parameters. 
Using Eq. (13.515), the angular frequency of the reentrant oscillation in the transition state is 

1 0.75e 2 

15 ^ = Ji3*L =2.75685 X 10 16 radls (14.308) 

where b is given by Eq. (14.277). The kinetic energy, E K , is given by Planck's equation (Eq. 
(11.127)): 

E K = tico = £2.75685 X 10 16 radls = 18.14605 eV (14.309) 
In Eq. (11.181), substitution of E T (H 2 ) (Eqs. (11.212) and (13.75)), the maximum total 
20 energy of each H 2 -type MO, for E^ , the mass of the electron, m e , for M , and the kinetic 
energy given by Eq. (14.309) for E K gives the Doppler energy of the electrons of each of the 
two bonds for the reentrant orbit: 

t, s £„g = -3, .63537 ,F H"^ ^ = -0.26660 eV (14.310) 

In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
25 transition state at their corresponding frequency. The decrease in the energy of CH 2 due to 
the reentrant orbit of each bond in the transition state corresponding to simple harmonic 
oscillation of the electrons and nuclei, E^ , is given by the sum of the corresponding 
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energies, E D given by Eq, (14.310) and E Kvib , the average kinetic energy of vibration which 

■ 

is 1/2 of the vibrational energy of each C-H bond. Using m e given by Eq. (13.458) for 
E Kvib of the transition state having two independent bonds, E \ t}jyiene osc ( n CH 2 ) per bond is 



etftylene osc 



E ', llvlemosc ( u CH 2 ) = -0.26660 eV +±(0.35532 e 7) = -0.08894 eV 



(14.311) 



(14.312) 



Given that the vibration and reentrant oscillation is for two C-H bonds, E eJhyhne osc ( n CH 2 ) , 



is: 



^ethylene osc ( ) " 2 



'v UP 

2 \nj 



= 2f-0.26660 eF+i(0.35532 eV)\ 



(14.313) 



= -0.17788 eV 



10 TOTAL AND DIFFERENCE ENERGIES OF THE n CH 2 GROUPS 



V ■ 



EtOfyimT^mi 12 ^^)* the tota * e n er gy of each n CH 2 group including the Doppler term, is 



given by the sum of E T ^(CH 2 ) (Eq. (14.307)) and „ ( 12 C77 2 ) given by Eq. 

(14.313): 

K <+ r+K m +^+£(C,25p 3 ) 
[-22S, (C = C, 2sp 3 ) + E t ^ m „ ( 12 Ctf 2 ) 



15 



'ethyleneT+osc 



(CH 2 )= 



7 



fi r -2e» 
8;re 0 c 1 



ethylerteT+osc 



(0.91771)j2-i^jln^-l ^ 



v. 



-14.63489 eF-(-2.26759 eV) 



r 



3 e' 



\ 



-2 (31.63536831 eV)\^ 



2M\ 4 ^ 

-5 1*. P. 



2 )U 



/J 



= -49.66493 eF- 2 



0.26660 



- L \F\ 

2 W 



(14.314) 



(14.315) 
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J 

From Eqs. (14.313-14.315), the total energy of each a CH 2 is 



-^ef/jy/eneT+ase 

( 12 CH 2 ) = -49.66m eV + E^ aaosc ( n CH 2 ) 



= ^19.66493 eV~2\ 0.26660 eV --(0.35532 eV) 



(14.316) 



= -49.84282 eV 

where a> e given by Eq. (13.458) was used for the ft J— term. 

The total energy for each dihydrogen carbide radical given by Eq. (13.523) is 
^ ttrf r + «c( n Ci/ 2 ) = -49.66493 eV +E mt ^ m ( a CH i ) 



= -49.66493 eV- 2 



( 1 ^ 

0.25493 eV --(0.35532 eV) 

i 2 j 



(14.317) 



= -49.81948 eK 

, . ■ 

The difference in energy between the CH 2 groups and the dihydrogen carbide radical 
AE T+osc ( n CH 2 ) is given by two times the difference between Eqs. (14.3 16) and (14.3 1 7): 

A^jw ( n CH 2 ) = 2 ( £^ /cne7W ( 12 Ctf 2 ) - tf^fcttff.+o* ( 12 C/f 2 )) 

= 2(-49.84282 eK -(-49.81948 eF)) (14.318) 
= -0.04667 



10 SUM OF THE ENERGIES OF THE C = C a MO AND THE HOs OF 
ETHYLENE 

The energy components of V e , V p9 T, V m , and of the C = C -bond MO are the same as 
those of the CH MO except that each term is multiplied by two corresponding to the double 
bond and the energy term corresponding to the C ethylene 2sp 3 HOs in the equation for E T is 

15 zero. The energies of each C = C -bond MO are given by the substitution of the 
semiprincipal axes (Eqs. (14.254-14.255) and (14.258)) into two times the energy equations 

of the CH MO (Eqs. (13.449-13.453)), with the exception that zero replaces E{c,2sp*) in 
Eq. (13.453): 

V. =2(0.91771) ~Y hi - + ^^Z^L a -i Q2.08992 eV (14.319) 

e * 

20 V=2-> — 7 = 21.48386 eV (14.320) 



WO 2007/051078 



PCT/US2006/042692 



364 



T = 2(0.91771) ' In , 

V 2m e ay}a 2 -b 2 a-JcF- 



= 34.67062 eV 



(14.321) 



-ft' 



(14.322) 



V m =2(0.91771) " \n a + ^f ^ =-17.33531 eV 

E t [C = C,ct) = —^- I (0.9177 l)f 2 - i In ^ - 1 1 = -63 .27075 (14.323) 

where E T (C = C,cr) is the total energy of the C = C c MO given by Eq. (14.251) which is 

5 reiteratively matched to two times Eq. (13.75) within five-significant-figure round off error. 

The total energy of the C = C -bond MO, E T [C - C) , is given by the sum of two 

times E T (C = C, 2sp 3 ) , the energy change of each C2sp z shell due to the decrease in radius 

with the formation of the C = C -bond MO (Eq. (14.247)), and £^ = (7,0-), the cr MO 

contribution given by Eq. (14.252): 

E T (C = C) = 2E T (C = C,2sp 3 )+ E, (C = C,a) 

'2(-1.13380eF)+ 



10 



2e : 



8?re 0 c' 



(0.91771) 



2 a j a—c 

= 2(-l. 13380 eK)+(-63.27074eF) 
= -65.53833 eV 



\ 



J) 



(14.324) 



VIBRATION OF ETHYLENE 

The vibrational energy levels of CH 2 CH 2 may be solved as two sets of two equivalent 

coupled harmonic oscillators with a bridging harmonic oscillator by developing the 
15 Lagrangian, the differential equation of motion, and the eigenvalue solutions [9] wherein the 
spring constants are derived from the central forces as given in the Vibration of Hydrogen- 
Type Molecular Ions section and the Vibration of Hydrogen-Type Molecules section. 



THE DOPPLER ENERGY TERMS OF THE C = C -BOND MO OF 
20 ETHYLENE 

The equations of the radiation reaction force of the C = C-bond MO are given by Eq. 
(13.142), except the force-constant factor is (0.93172)0.5 based on the force constant k % of 
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Eq. (14.248), and the C = C -bond MO parameters are used. The angular frequency of the 
reentrant oscillation in the transition state is 



0.91771 



(0.5) e 2 

Aire A 3 

-2— = 4.30680 X10 16 rad/s 



(14.325) 



where b is given by Eq. (14.258). The kinetic energy, E K , is given by Planck's equation (Eq. 
5 (11.127)): 

E K = fta> = /t4.30680X 10 16 radls = 28.34813 eV (14.326) 
InEq. (11.181), substitution of £ r (C = C)/2 (Eq. (14.324))for ^ the mass of the electron, 
m e , for M , and the kinetic energy given by Eq. (14.326) for E K gives the Doppler energy of 
the electrons of each of the two bonds for the reentrant orbit: 



10 



VMc 2 



eV 



(14.327) 



In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. The decrease in the energy of the C = C - 
bond MO due to the reentrant orbit of die bond in the transition state corresponding to simple 
harmonic oscillation of the electrons and nuclei, E 03C , is given by the sum of the 
15 corresponding energies, E D given by Eq. (14.327) and E Krli , the average kinetic energy of 
vibration which is 1/2 of the vibrational energy of the C = C bond. Using the experimental 
C = C E„i,(v 3 ) of 1443.5 cm" 1 (0.17897 eV) [12] for E Kvlb of the transition state having 
two bonds, £'^((7 = C,<r) per bond is 



E'^ (C = C,a) = E D+ E Ktlb = E D +-U £ 

2 \/i 



(14.328) 



20 jE 1 ^ (C - C,<t) = -0.34517 +1(0.17897 eV) = -0.25568 



(14.329) 

Given that the vibration and reentrant oscillation is for two C - C bonds of the C = C double 
bond, E^^ (C = C,cr), is: 

^>to*«(C = C,cr) = 2 £ D +|fi^ =2^-0.34517eF+|(0.17897e7)j = -0.51136eF 



25 



(14.330) 
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TOTAL ENERGIES OF THE C = C -BOND MO OF ETHYLENE 

E T+0X (C = C) , the total energy of the C = C -bond MO including the Doppler term, is given 

by the sum of E T [C = C) (Eq. (14.324)) and E elhylmt w (C = C,<r) given by Eq. (14.330): 



E T , mc (C = C) = V e +T+V m +V p + 2E T (C = C,2sp 3 )+E ellvtemmc (C = C,a) 

= E T {C = C,a)+2E T (C = C,2sp l )+ E dlvkm 0 „(C = C,cr) 
= E T (C = C)+ E ethylm „ (C = C, <r ) 



(14.331) 



17 



~2e 2 



(0.91771) 



2 _l3.1 ln ^±£._ 1 



2 a 



a-c 



+ 2£ r (C = C,2^ 3 ) 

J 



2ft 



1 



(0.91771)- 



2 47R?_6 J 



= -65.53833 eK-2 



m.c 



+ 2 



fl ft © 



(14.332) 



1 Ik 

0.34517 eV--tlJ- 

2 V// 



From Eqs. (14.330-14.332), the total energy of the C = C -bond MO is 
Et+cc (C = C) = -63.27074 eV + 2E T (C = C, V ) + E elhylenl (C = C, <r) 

= -63.27074 eV + 2 (-1 .13380 eV) - 2[ 0.34517 eV -Uo.l 7897 eV) 

\ 2 

= -66.04969 



(14.333) 



where the experimental E vti was used for the ft J— term. 



10 



BOND ENERGY OF THE C = C BOND OF ETHYLENE 

The dissociation energy of the C = C bond of CH 2 CH 2 , E D (H 2 C = CH 2 ), is given by four 
times E(C,2sp 3 ) (Eq. (14.146)), the initial energy of each C2sp* HO of each CH 2 radical 
that forms the double C = C bond, minus the sum of ^E T ^( n CH 2 ) (Eq. (14.318)), the 
1 5 energy change going from die dihydrogen carbide radicals to the CH 2 groups of ethylene, and 
E T+osc (C = C) (Eq. (14.333)). Thus, the dissociation energy of the C = C bond of CH 2 CH 2 , 



is 
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E D (H 2 C = CH 2 ) = 4(E(C,2^))-(A^ ( l2 Cif 2 )+ E r+wc (C = C)) 

= 4(-14.63489 e^)- (-0.04667 eF-66.04969 eK) (14.334) 
= 4(^14.63489 eF)- (-66.09636 eV) 
= 7.55681 

The experimental dissociation energy of the C = C bond of CH 2 CH 2 is [7] 

£ D (H 2 C-CH 2 ) = 7.5969 (14.335) 

The results of the determination of bond parameters of CH 2 CH 2 are given in Table 

5 14.1. The calculated results are based on first principles and given in closed-form, exact 
equations containing fundamental constants only. The agreement between the experimental 
and calculated results is excellent. 



ACETYLENE MOLECULE ( CHCH ) 
1 0 The acetylene molecule CHCH is formed by the reaction of two hydrogen carbide radicals: 
CH +CH -> CHCH (14.336) 
CHCH can be solved using the same principles as those used to solve the methane series 
CH mWA as well as ethane, wherein the 2s and 2p shells of each C hybridize to form a 

* 

single 2sp shell as an energy minimum, and the sharing of electrons between two C2sp 
15 hybridized orbitals (HOs) to form a molecular orbital (MO) permits each participating 
hybridized orbital to decrease in radius and energy. First, two sets of one H atomic orbital 
(AO) combine with two sets of one carbon 2sp 3 HO to form two hydrogen carbide groups 
comprising a linear combination of two diatomic H 2 -type MOs developed in the Nature of 
the Chemical Bond of Hydrogen-Type Molecules and Molecular Ions section. Then, the two 
20 CH groups bond by forming a H 2 -type MO between the remaining three C2sp 3 HOs on 
each carbon atom. 



FORCE BALANCE OF THE C - C -BOND MO OF ACETYLENE 

CHCH comprises a chemical bond between two CH radicals wherein each radical 
25 comprises a chemical bond between a carbon and a hydrogen atom. The solution of the 
parameters of CH is given in the Hydrogen Carbide ( CH ) section. The C - H bond of CH 
having two spin-paired electrons, one from an initially unpaired electron of the carbon atom 
and the other from the hydrogen atom, comprises the linear combination of 75% H 2 -type 
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ellipsoidal MO and 25% C2sp 3 HO. The proton of the H atom and the nucleus of the C 
atom are along each internuclear axis and serve as the foci. As in the case of H the C-H- 
bond MOs is a prolate spheroid with the exception that the ellipsoidal MO surface cannot 
extend into C2sp 3 HO for distances shorter than the radius of the C2sp 3 shell since it is 
5 energetically unfovorable. Thus, the MO surfece comprises a prolate spheroid at the H 
proton that is continuous with the C2sp 3 shell at the C atom whose nucleus serves as the 
other focus. The electron configuration and the energy, E{C,2sp 3 ), of the C2sp 3 shell is 

given by Eqs. (13.422) and (13.428), respectively. The central paramagnetic force due to spin 
of the C-H bond is provided by the spin-pairing force of the CH MO that has the 
10 symmetry of an s orbital, that superimposes with the C2sp 3 orbitals such mat the 
corresponding angular momenta are unchanged. 

Two CH radicals bond to form CHCH by forming a MO between the two pairs of 
three remaining C2jp 3 -HO electrons of the two carbon atoms. However, in this case, the 
sharing of electrons between two C2sp* HOs to form a MO comprising six spin-paired 

r 

15 electrons permits each C2sp 3 HO to decrease in radius and energy. 

As in the case of the C-H bonds, the C = C -bond MO is a prolate-spheroidal-MO 
surface that cannot extend into C2sp 3 HO for distances shorter than the radius of the C2sp l 
shell of each atom. Thus, the MO surface comprises a partial prolate spheroid in between the 

♦ 

carbon nuclei and is continuous with the C2sp 3 shell at each C atom. The energy of the H 2 - 
20 type ellipsoidal MO is matched to that of the C2sp 3 shell. As in the case of previous 
examples of energy-matched MOs such as those of OH , NH , CH , the C = O -bond MO of 
C0 2 , the C-C-bondMOof C/f 3 C^ 3 , and the C = C-bondMO of CH 2 CH 2 , the C = C- 
bond MO of acetylene must comprise 75% of a H 2 -type ellipsoidal MO in order to match 
potential, kinetic, and orbital energy relationships. Thus, the C s C -bond MO must comprise 
25 a linear combination of three MOs wherein each comprises two C25p 3 HOs and 75% of a 
H 2 -type ellipsoidal MO divided between the C2sp 3 HOs: 



3(2C2sp* + 0.75 H 2 MO) ->Cs C-bond MO 



(14.337) 
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The linear combination of each # 2 -type ellipsoidal MO with each C2sp 3 HO further 
comprises an excess 25% charge-density contribution from each C2sp 3 HO to the C m Q - 
bond MO to achieve an energy minimum. The force balance of the CsC -bond MO is 
determined by the boundary conditions that arise from the linear combination of orbitals 
5 according to Eq. (14.337) and the energy matching condition between the C2sp 3 -HO 
components of the MO. 

Similarly, the energies of each CH MO involve each C2sp 3 and each His electron 
with the formation of each C-H bond. The sum of the energies of the # 2 -type ellipsoidal 
MOs is matched to that of the C2sp 3 shell. This energy is determined by the considering the 
10 effect of the donation of 25% electron density from the three pairs of C2sp 3 HOs to the 
C = C -bond MO with the formation of the C^Jlsp 3 HOs each having a smaller radius. 
The 2sp 3 hybridized orbital arrangement is given by Eq. (14.140). The sum E r [c,2sp 3 )of 
calculated energies of C, C + , C 2+ , and C 3 * is given by Eq. (14.141). The radius r , of the 

2sp 

C2sp 3 shell is given by Eq. (14.142). The Coulombic energy E Coulomb (c,2sp 3 ) and the 

15 energy E(c,2sp 3 ) of the outer electron of the C2sp* shell are given by Eqs. (14.143) and 
(14.146), respectively. 

Next, consider the formation of the C^C -bond MO of acetylene from two CH 
radicals, each having a C2sp 3 electron with an energy given by Eq. (14.146). The total energy 
of the state is given by the sum over the four electrons. The sum E T {C acetylene ,2sp*)of 

20 calculated energies of C2sp 3 , C* , C 2 \ and C 3+ from Eqs. (10.123), (10.113-10.114), 
(10.68), and (10.48), respectively, is 

E T(C acelyUm .2sp 3 ) = -(64.3921 gF+48.3125 eK+24.2762 eV +E{c,2sp 3 )) 

= -(64.3921 eF+48.3125 eF+24.2762 eV +1 4.63489 eV) 
= -151.61569 eV 

(14.338) 

where E(C,2sp 3 ) (Eq. (14.146)) is the sum of the energy of C, -11.27671 eV , and the 
25 hybridization energy. The orbital-angular-momentum interactions also cancel such that the 
energy of the E T (C aMylene ,2sp 3 ) is purely Coulombic. 
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The sharing of electrons between three pairs of C2sp 3 HOs to form a C = C -bond 

MO permits each participating hybridized orbital to decrease in radius and energy. In order to 
further satisfy the potential, kinetic, and orbital energy relationships, each participating 

C2sp 2 HO donates an excess of 25% of its electron density to the C = C -bond MO to form 

5 an energy minimum. By considering this electron redistribution in the acetylene molecule as 
well as the fact that the central field decreases by an integer for each successive electron of 

the shell, the radius r B ^ 2 ^ of the C2sp* shell of acetylene may be calculated from the 
Coulombic energy using Eq. (10.102): 



aceiylenc2sp 2 



( 5 

£(Z-h)-0.75 

J 



e 2 



%ne Q {e\5\. 61569 eV) 



9 25e 2 

y ' 3 (14.339) 



8^ 0 («151.61569cK) 
= 0.83008cr o 

10 where Z = 6 for carbon. Using Eqs. (10.102) and (14.339), the Coulombic energy 
^(^•V) of the outer electron of the C2sp 3 shell is 



2 2 

-e -e 



E Cmilmt ( C „. , 2sp 3 ) = = - = -1 6.39089 eV (14.340) 

During hybridization, one of the spin-paired 2s electrons is promoted to C2sp 3 shell as an 
unpaired electron. The energy for the promotion is the magnetic energy given by Eq. 
15 (13.152). Using Eqs. (14.145) and (14.340), the energy ^(C^^lsp*) of the outer 

electron of the C2sp 3 shell is * 

^(C flM(W ««»2^ 3 ) = — -16.39089 eV +0.19086 eV = -16.20002 eV 

(14.341) 

20 Thus, E T (C^C 9 2sp 3 } 9 the energy change of each C2sp 3 shell with the formation of the 
C = C -bond MO is given by the difference between Eq. (14.146) and Eq. (14.341): 

E T (c = C,2sp 3 ) = E(C oeevloa ,2sp 3 y E(C,2sp 3 ) 

= -16.20002 eV -(-14.63489 eV) (14.342) 
= -1.56513 eV 



WO 2007/051078 PCT/US2006/042692 

371 

As in the case of C/ 2 , each # 2 -type ellipsoidal MO comprises 75% of the C s C -bond MO 

shared between two C2sp 3 HOs corresponding to the electron charge density in Eq. (1 1.65) 
-0 75e 

of — : . But, the additional 25% charge-density contribution to each bond of the CsC- 

2 

bond MO causes the electron charge density in Eq. (1 1.65) to be is given by — = -0.5e . The 

5 corresponding force constant k x to determine the ellipsoidal parameter c' in terms of the 
central force of the foci (Eq. (1 1.65)) is given by Eq. (14.152). The distance from the origin 
to each focus c' is given by Eq. (14.153). The internuclear distance is given by Eq. (14.154). 
The length of the semiminor axis of the prolate spheroidal C a C -bond MO b = c is given by 

Eq, (13.62). The eccentricity, e , is given by Eq. (13.63). The solution of the semimajor axis 

■ 

10 a then allows for the solution of the other axes of each prolate spheroid and eccentricity of 
the C = C -bond MO. From the energy equation and the relationship between the axes, the 
dimensions of the C = C -bond MO are solved. 

The general equations for the energy components of V e , V , T , V m , and E T of the 

C = C -bond MO are the same as those of the CH MO except that energy of the C acetyfene 2sp l 
15 HO is used and the triple-bond nature is considered. In the case of a single bond, the prolate 
spheroidal H 2 -typz MO transitions to the C aceJylefK 2sp 3 HO of each carbon, and the energy of 

the C acety/ene 2sp s shell must remain constant and equal to the E[C aee9ltm9 2sp 3 J given by Eq. 

(14.391). Thus, the energy E{C acetylme> 2sp z ) in Eq. (14.391) adds to that of the energies of 
the corresponding f/ 2 -type ellipsoidal MO. The second and third bonds of the triple C = C- 

* * * 

20 bond MO also transition to each C oct¥ent 2sj? HO of each C . The energy of a second and a 
third //j -type ellipsoidal MO adds to the first energy component, and the three bonds achieve 
an energy minimum as a linear combination of the three # 2 -type ellipsoidal MOs each 
having the carbon nuclei as the foci. Each C -C -bond MO comprises the same C acetylene 2sp 3 

HO shells of constant energy given by Eq. (14.391). As in the case of the water, NH Z9 

25 ammonia, and ethylene molecules given by Eqs. (13.180), (13.320), (13.372), and (14.251), 
respectively, the energy of the redundant shell is subtracted from the total energy of the linear 

combination of the cr MO. Thus, the total energy E T (C = C,a) of the <j component of the 
C = C -bond MO is given by the sum of the energies of the three bonds each comprising the 
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linear combination of the C^^Jlsp 2 HO and the tf 2 -type ellipsoidal MO as given by Eq. 
(14.337) wherein the E T terms add positively and the E(C acetylcnB ,2sp*} term is positive due 

to the sum over a negative and two positive terms. Using Eqs. (13.431) and (14.341), 
E T (C s C, cr) is given by 

E T [C = C,o) = E T + *(c^,2^ 

3e 2 



$>7te Q c 1 



(0.91771) 2- 



1 a, 



2a) 



In 



a-c 



1 +16.20002 eV 



(14.343) 

The total energy term of the double C = C -bond MO is given by the sum of the three H 2 - 

* 

type ellipsoidal MOs given by Eq. (11.212). To match this boundary condition, 
E T (C.s C, a) given by Eq. (14.343) is set equal to three times Eq. (13.75): 



10 E t (C = C,ct) = 



3e : 



8/E£ 0 c' 



(0.91771)^2 -j-^-jln^i^-lj+16.20002 eV = -94.90610 eV 



(14.344) 

From the energy relationship given by Eq. (14.344) and the relationship between the axes 
given by Eqs. (14.153-14.154) and (13.62-13.63), the dimensions of the C sC -bond MO can 
be solved. 



15 



Substitution of Eq. (14.153) into Eq. (14.344) gives 



3e : 



(0.9177l)f 2 -iAVll2fe_ 
v \ 2 a ) a-Jaa Q 



1 



= elll.l0613 



(14.345) 



The most convenient way to solve Eq. (14.345) is by the reiterative technique using a 
computer. The result to within the round-off error with five-significant figures is 



o = 1.28714a 0 =6.81 122 X 10" u m 
20 Substitution of Eq. (14.346) into Eq. (14.153) gives 
e' = 1.1 3452a 0 = 6.00362 X 10"" m 
The internuclear distance given by multiplying Eq. (14.347) by two is 

2c' = 2.26904a 0 = 1 .20072 X 1 0" 10 m 
The experimental bond distance is [3] 
25 2c' = 1.203 X 10* 10 m 



(14.346) 



(14.347) 



(14.348) 



(14.349) 
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Substitution of Eqs. (14.346-14.347) into Eq. (13.62) gives 

fe = c = 0.60793« 0 = 3.21704 X 10"" m (14.350) 

Substitution of Eqs. (14.346-14.347) into Eq. (13.63) gives 

e = 0.88143 (14.351) 
5 The nucleus of the C atoms comprise the foci of the # 2 -type ellipsoidal MO. The 

parameters of the point of intersection of the # 2 -type ellipsoidal MO and the C ocayloie 2sp i 
HO are given by Eqs. (13.84-13.95) and (13.261-13.270). The polar intersection angle 0' is 

* 

given by Eq. (13.261) where r„=r . =0.83008a 0 is the radius of the C aat¥ent 2sp 

shell Substitution of Eqs. (14.346-14.347) into Eq. (13.261) gives 
10 0' = 137.91° (14.352) 

Then, the angle 9 „ , the radial vector of the C2sp 3 HO makes with the internuclear 



3 



axis is 



0 „ , =180° -137.91° = 42.09° (14.353) 
as shown in Figure 43. 

15 

Consider the right-hand intersection point The distance from the point of intersection of the 
orbitals to the internuclear axis must be the same for both component orbitals. Thus, the 
angle &t = # c =c^ M:M0 between the internuclear axis and the point of intersection of the 

if 2 -type ellipsoidal MO with each C acefylene 2sp 3 radial vector obeys the following 
20 relationship: 

W«V ^v™ 50 - 830 ^'^^" =bsm0 CBC ^^ o (14.354) 
such that 

0.83008a 0 sinfl c Vff0 0.83008^42.09° ocg , 
^c^.* l « 0 =sin = sm (14.355) 

with the use of Eq. (14.353). Substitution of Eq. (14.350) into Eq. (14.355) gives 
25 ^.^=66.24" (14.356) 

* 

Then, the distance d CEC HjUO along the internuclear axis from the origin of H z -type 

ellipsoidal MO to the point of intersection of the orbitals is given by 

d c^^.,H^o= a ^s0 CsC ^ HiMO (14.357) 

Substitution of Eqs. (14.346) and (14.356) into Eq. (14.357) gives 
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d c*e^H*o =0.51853a 0 = 2.74396* 10' 11 m (14.358) 
The distance d along the internuclear axis from the origin of the C atom to the 

point of intersection of the orbitals is given by 

d . =c'-d rwr Hun (14.359) 

5 Substitution of Eqs. (14.347) and (14.358) into Eq. (14.359) gives 

, .„„ = 0.61599a, = 3.25966* 10r" w (14.360) 



FORCE BALANCE OF THE CH MOs OF ACETYLENE 

The C-H bond of each of the two equivalent CH MOs must comprise 75% of a i/ 2 -type 
10 ellipsoidal MO and a C2sp 3 HO as given by Eq. (13.429): 



1 C2sp* +0.75 H 2 MO CH MO (14361) 

The force balance of the CH MO is determined by the boundary conditions that arise from 
15 the linear combination of orbitals according to Eq. (13.429) and the energy matching 
condition between the hydrogen and C2sp 3 HO components of the MO. 

The force constant k y to determine the ellipsoidal parameter c 1 of the each # 2 -type- 

ellipsoidal-MO component of the CH MO in terms of the central force of the foci is given by 
Eq. (13.59). The distance from the origin of each C-H -bond MO to each focus c 1 is given 

20 by Eq. (13.60). The internuclear distance is given by Eq. (13.61). The length of the 
semiminor axis of the prolate spheroidal C-H -bond MO b = c is given by Eq. (13.62). The 
eccentricity, e , is given by Eq. (13.63). The solution of the semimajor axis a then allows for 
the solution of the other axes of each prolate spheroid and eccentricity of each C-H -bond 
MO. From the energy equation and the relationship between the axes, the dimensions of the 

25 CH MO are solved. 

Consider the formation of the triple C s C -bond MO of acetylene from two CH 

radicals, each having a C2sp* shell with an energy given by Eq. (14.146). The energy 

« 

components of V e , V p9 T 9 V m 9 and E T are the same as those of the hydrogen carbide radical, 
except that two times E T [c = C y 2sp*) is subtracted from E T (CH) of Eq. (13.495). The 
30 subtraction of the energy change of the C2sp 3 shells with the formation of the C = C -bond 
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MO matches the energy of the C - H -bond MOs to the decrease in the energy of the C2sp 
HOs. Using Eqs. (13.495) and (14.342), E T (CH) is given by 



^W, (CH) = E T+ E(C2sp 3 )-2E T (C*C, Hp* ) 



%ite^c 



(0.9l77l)| lln 



a+c' 



2a) a-c' 
-14.63489 eF-(-3.13026 eV) 



-1 



(14.362) 



E T (CH) given by Eq. (14.362) is set equal to the energy of the # 2 -type ellipsoidal MO 



5 given by Eq. (13.75): 



(CH)- 



(0.91771) 



2- 



1 On^i 



In 



2 o ^ 

^14.63489 eF- (-3.13026 eK) 



a-c' 



-1 



= -31.63537 



(14.363) 

From the energy relationship given by Eq. (14.363) and the relationship between the axes 
given by Eqs. (13.60-13.63), the dimensions of the CH MO can be solved. 



10 



Substitution of Eq. (13.60) into Eq. (14.363) gives 



\2aa f 



i 



(0.91771)| 2~-f- |ln 



\2aa a 



-1 



= e20. 13074 



(14.364) 



The most convenient way to solve Eq. (14.364) is by the reiterative technique using a 
computer. The result to within the round-off error with five-significant figures is 

(14.365) 



a = 1. 487 19a 0 = 7.86987 X 10"" m 
15 Substitution of Eq. (14.365) into Eq. (14.60) gives 

c' = 0.9957200=5.26913* 10" n m 
The internuclear distance given by multiplying Eq. (14.366) by two is 

2c' = 1. 99 144a 0 = 1.05383 X 10' 10 m 

The experimental bond distance is [3] 

20 2c' = 1.060 X lO" 10 m 

Substitution of Eqs. (14.365-14.366) into Eq. (14.62) gives 

i = c = l. 10466o 0 = 5.84561X 10" 11 m 

Substitution of Eqs. (14.365-14.366) into Eq. (14.63) gives 
e = 0.66953 



(14.366) 



(14.367) 



(14.368) 



(14.369) 



(14.370) 
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The nucleus of the H atom and the nucleus of the C atom comprise the foci of each 
if 2 -type ellipsoidal MO. The parameters of the point of intersection of the # 2 -type 

ellipsoidal MO and the C acetylen9 2sp* HO are given by Eqs. (13.84-13.95) and (13.261- 

13.270). The polar intersection angle 9 % is given by Eq. (13.261) where 

5 r » = r acciyic»e2sp> = 0 - 83008 "o is & e radiu s of the C acelylate 2sp 3 shell. Substitution of Eqs. 

(14.365-14.366) into Eq. (13.261) gives 

0' = 90.99° (14.371) 

Then, the angle <9 u „ the radial vector of the C2sp 3 HO makes with the internuclear 



'tnttyknt 

axis is 



10 0„ „ =180° -90.99° = 89.01° (14.372) 

as shown in Figure 43. The distance from the point of intersection of the orbitals to the 
internuclear axis must be the same for both component orbitals. Thus, the angle 
a>t = O r _ Ha „^ Mn between the internuclear axis and the point of intersection of the i/ 2 -type 

ellipsoidal MO with the C aceiylate 2sp* radial vector obeys the following relationship: 
15 r 3 sin0 = 0.83008a n sin£ „ .„=&sin0 r „ #^(14.373) 

such that 

O.83OO8a o sin0 V/w o.83008a Q sin89.01° nA 
W = *n - sin 1 (14.374) 

with the use of Eq. (14.372). Substitution of Eq. (14.369) into Eq. (14.374) gives 

^^^0=48.71° (14.375) 

20 Then, the distance d r _ H , „ MO along the internuclear axis from the origin of H 2 -type 
ellipsoidal MO to the point of intersection of the orbitals is given by 

d c-H^wo = acos0 c-H^.M^Q (14.376) 
Substitution of Eqs. (14.365) and (14.375) into Eq. (14.376) gives 

tc-B^Mj* =0.981450,, =5.19359 X 10" u m (14.377) 

25 The distance d QH iat2s ^ HO along the internuclear axis from the origin of the C atom to the 
point of intersection of the orbitals is given by 

rf c^V» = c '- d c-«~«~W° (14.378) 
Substitution of Eqs. (14.366) and (14.377) into Eq. (14.378) gives 
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d c-H^^Ho =0.01427a o =7.55329Z 10"' 3 m ( 14.37 9) 

With the C a C double bond along one axis, the minimum energy is obtained with the 
C-H -bond MO at a maximum separation. Thus, the bond angle 9 CaC _ H between the 
internuclear axis of the C m C bond and the if atom of the CH groups is 
5 0c=c-ff=18O° (14.380) 

The experimental angle between the C = C-H bonds is [6] 

0c*c-H =180° (1 4. 38 1) 
The CHCH MO shown in Figure 44 was rendered using these parameters. 

The charge-density in the C = C -bond MO is increased by a factor of 0.25 per bond 
10 with the formation of the C mvknc 2sp 3 HOs each having a smaller radius. Using the orbital 
composition of the CH groups (Eq. (14.361)) and the C = C -bond MO (Eq. (14.337), the 
radii of Cls = 0.171 13a 0 (Eq. (10.51)) and C aee(ylm 2sp 3 = 0.83008a 0 (Eq. (14.339)) shells, 

and the parameters of the C = C -bond (Eqs. (13.3-13.4), (14.346-14.348), and (14.350- 
14.360)), the parameters of the C-H -bond MOs (Eqs. (13.3-13.4), (14.365-14.367), and 

15 (14.369-14.379)), and the bond-angle parameter (Eqs. (14.380-14.381)), the charge-density of 
the CHCH MO comprising the linear combination of two C-H -bond MOs and a C = C - 
bond MO bridging the two CH groups is shown in Figure 44. Each C- H -bond MO 
comprises a H 2 -type ellipsoidal MO and a C^Jlsp 3 HO having the dimensional diagram 
shown in Figure 43 . The CaC -bond MO comprises a H 2 -type ellipsoidal MO bridging two 

20 C^otoe 2s P 3 HOs having the dimensional diagram also shown in Figure 43. 

ENERGIES OF THE CH GROUPS 

The energies of each CH group of acetylene are given by the substitution of the 
semiprincipal axes (Eqs. (14.365-14.366) and (14.369)) into the energy equations of hydrogen 
25 carbide (Eqs. (13.510-13.514)), with the exception that two times E T (c ■ C, 2sp 3 ) (Eq. 

(14.342)) is subtracted from E T (CH) in Eq. (13.514): 

K = (0.91771) - 2e [ to ^f/"? = -40.62396 eV ■ (14.382) 

&xeja 2 -b 2 a-yla 2 -b 2 

V p=Z n= T = 13 - 66428 eV (14.383) 

Ueja 2 -b 2 v ' 
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* 

T =(0.91771) y In a + ~ b * = 1 3.65796 eV (14.384) 



V„ = (0.91771) % \n a+ ^?LJ- - = -6.82898 eV (14.385) 



E T (CH) = 



* 2 



8«e 0 c' 



(0.91771)1 2 



= -31.63532 eV 



\ 2a) a-c % 
^-14.63489 eV- (-3. 13026 eV) 

(14.386) 

5 where £L (C2T) is given by Eq. (14.362) which is reiteratively matched to Eq. (13.75) 
within five-significant-figure round off error. 



VIBRATION OF THE l2 CH GROUPS 

* 

The vibrational energy levels of CH in acetylene may be solved using the methods given in 
1 0 the Vibration and Rotation of CH section. 



THE DOPPLER ENERGY TERMS OF THE l2 CH GROUPS 

The equations of the radiation reaction force of the CH groups in acetylene are the same as 
those of the hydrogen carbide radical with the substitution of the CH -group parameters. 
1 5 Using Eq. (13.477), the angular frequency of the reentrant oscillation in the transition state is 



CO- 



0J5e' 



=3 m1QX 1Q i6 radj$ (14387) 



where b is given by Eq. (14.369). The kinetic energy, E K , is given by Planck's equation (Eq. 
(11.127)): 



E K = ft<a-ft3 .08370 X 10 16 radls = 20.29747 eV (14.388) 



20 In Eq. (11.181), substitution of Rr(H 2 ) (Eqs. (11.212) and (13.75)), the maximum total 

energy of each H 2 -type MO, for E^ , the mass of the electron, m e , for M , and the kinetic 

energy given by Eq. (14.388) for E K gives the Doppler energy of the electrons for the 
reentrant orbit: 



% . -31 .63537 .r H**? 7 '*) - -0.28 197 eV (14.389) 
Mc \ m,c 2 



WO 2007/051078 



PCTAJS2006/042692 



379 

In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. The decrease in the energy of CH due to 
the reentrant orbit of each bond in the transition state corresponding to simple harmonic 

oscillation of the electrons and nuclei, E ose , is given by the sum of the corresponding 
5 energies, E D given by Eq. (14.389) and E Kvtk , the average kinetic energy of vibration which 
is 1/2 of the vibrational energy of each C-H bond. Using a> e given by Eq. (13.458) for 

E Kvti of the transition state, E Melyleoe ^ ( 12 CH) is 



E ac«km osc ( ^ CH ) = E D + E Kvtb = E D + \ »»F 

Eovyu* asc ( "CH) = -0-28197 eV +±(0.35532 eV) = -0.10430 eV 



(14.390) 



(14.391) 



10 



TOTAL AND DIFFERENCE ENERGIES OF THE n CH GROUPS 

fi , a-ofcBfr+-B ("CJf) , the total energy of each n CH group including the Doppler term, is given 

by the sum of E^ {CH) (Eq. (14.386)) and E^^ ^("CH) given by Eq. (14.391): 



'acetytmeT+osc 



(CH) = 



'V e +T+V m +V p +E(C,2sp>) 
C 2E T (C S C, 2sp 3 ) + E ^ m ( n CH) 
= E T^ACH) + E aca , ateiat ( n CH) 



(14.392) 



E 



acetyleneT+osc 



( n CH) = 



'j±- r (0 .9177l)f 2-i^llniL±£:_r 
Ue 0 c' ( v \ 2a) a-c' 

^-14.63489 eK-(-3.13026 eV) 



\ 



15 



- (31.63536831 eV)\ — * — 
.1 1 m ° 



2h\ 



\ 



3 e' 



4 47rejb 3 

1 m < 



2 VftJl 



(14.393) 



= -31.63537 eV- 



' 1 [P 

0.28197 eV--K\- 

2 V// 



J 



FromEqs. (14.391-14.393), the total energy of each l2 CH is 
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( "CH) = -31 .63537 eV + mc ( 



-31.63537 eF-(o.28197 eF-i(0.35532 ef) 



(14.394) 



= -31.73967 eV 



where w e given by Eq. (13.458) was used for the h — term. 

The total energy for each hydrogen carbide radical given by Eq. (13.485) is 
5— th. ( "Ctf ) = -3 1 .63537 eV + f ^ ( ij O/) 

= -31.63537 e^-0.24966eF+-(0.35532er) (14.395) 
= -31.70737 

5 The difference in energy between the CH groups and the hydrogen carbide radical 
AEt+osc \ n CH ) is given by two times the difference between Eqs. (14.394) and (14.395): 

A*- ("CH) = 2(E^ mT ^("CHy E ^ +ose (»CH)) 

= 2(-31.73967 «F-(-31.70737 eV)) (14.396) 
= -0.06460 eV 



SUM OF THE ENERGIES OF THE C^c a MO AND THE HOs OF 
10 ACETYLENE 

The energy components of V e , V p , T , V m , and E, of the C a C -bond MO are the same as 
those of the CH MO except that each term is multiplied by three corresponding to the triple 
bond and the energy term corresponding to the C^^sp 3 HOs in the equation for E, is 
positive. The energies of each C ■ C -bond MO are given by the substitution of the 
15 semiprincipal axes (Eqs. (14.346-14.347) and (14.350)) into three times the energy equations 
of the CH MO (Eqs. (13.449-13.453)), with the exception that E(c,2sp 3 ) inEq. (13.453) is 
positive and given by Eq. (14.341): 

K = 3(0.91771) ~f In a+ f/^ = -182.53826 eV (14.397) 
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T = 3(0.91771) - In a+ ^<?_jL = 70.90876 eV 



(14.399) 



V m = 3(0.91771) 



m £±j£^U -35.45438 eV 



4w,aVa 2 -b 2 a-Ja 2 -b 2 



(14.400) 



E T (CsC,cr) = 



3e : 



(0.91771) 



1 aA 



2-- 
2 a 



ln^-1 



+16.20002 = -94.90616 eV 



(14.401) 

5 where E T (C s C 3 c) is the total energy of the C e C cr MO given by Eq. (14.343) which is 

reiteratively matched to three times Eq. (1 3 .75) within five-significant-figure round off error. 
The total energy of the C = C -bond MO, E T (C = C) 3 is given by the sum of two 

times E T (C « C,2.sp 3 ), the energy change of each C2sp 3 shell due to the decrease in radius 

with the formation of the C = C-bond MO (Eq. (14.342)), and E T (C = C,cr), the a MO 
10 contribution given by Eq. (14.344): 

E T {C^C)^2E r (c = C,2sp 3 ) + E T (C^C 9 a) 

(2(-1.56513er)+ 
2e 2 



-ifl |"(0.9177l)f 2-lA-V— - 



\ 



1 J +16.20002 eK 



= 2(-1.56513 eF)+ (-94.90610 eV) 
= -98.03637 



(14.402) 



VIBRATION OF ACETYLENE 
15 The vibrational energy levels of CHCH may be solved as two equivalent coupled harmonic 
oscillators with a bridging harmonic oscillator by developing the Lagrangian, the differential 
equation of motion, and the eigenvalue solutions [9] wherein the spring constants are derived 
from the central forces as given in the Vibration of Hydrogen-Type Molecular Ions section 
and the Vibration of Hydrogen-Type Molecules section. 

20 
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THE DOPPLER ENERGY TERMS OF THE C s C -BOND MO OF 
ACETYLENE 

The equations of the radiation reaction force of the CsC -bond MO are given by Eq. 
(14.23 1), except that the C s C -bond MO parameters are used. The angular frequency of the 
5 reentrant oscillation in the transition state is 



0.5e" 
4xs n a 3 



a = U °— = 2.00186 X 10 16 rod Is (14.403) 



where a is given by Eq. (14.346). The kinetic energy, E K , is given by Planck's equation (Eq. 
(11.127)): 

E K = ha = H2.0QIS6 X 10 16 radls = 13.17659 eV (14.404) 
10 In Eq. (1 1.181), substitution of E T [C - C)/3 (Eq. (14.402)) for , the mass of the electron, 

m t , for M , and the kinetic energy given by Eq. (14.404) for E K gives the Doppler energy of 
the electrons of each of the three bonds for the reentrant orbit: 



■p _ YlE K mmar ~ rr 2e(l3.17659eF) 
d = E *fj^[ = -32.67879 eVA y — 2 '- = -0.23468 eV (14.405) 

In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
15 transition state at their corresponding frequency. The decrease in the energy of the C = C- 
bond MO due to the reentrant orbit of the bond in the transition state corresponding to simple 
harmonic oscillation of the electrons and nuclei, E^, is given by the sum of the 

corresponding energies, E D given by Eq. (14.405) and E Kvlb , the average kinetic energy of 
vibration which is It! of the vibrational energy of the C = C bond. Using the experimental 
20 C m C E„ b (t> 3 ) of 3374 an 1 (0.41833 eV) [6] for E Kvlb of the transition state having three 
bonds, ^^(CsC.ff) per bond is 

E'^ (C ^C,a) = E D + E Kvtb =E D +Ufc (14.406) 

£ , < ,„(C = C,o-) = -0.23468eK+i(0.41833eF) = -0.02551eF (14.407) 

Given that the vibration and reentrant oscillation is for three C-C bonds of the C = C triple 
25 bond, E aetlylm „ (C = C, a) , is: 
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E 



acetylene osc 



= 3^-0.23468 eF+|(0.41833 eV) 



(14.408) 



= -0.07654 eV 



TOTAL ENERGIES OF THE C 3 C -BOND MO OF ACETYLENE 
Et+osc { c = c )> *e total energy of the C ■ C -bond MO including the Doppler term, is given 
5 by the sum of E T (C S C) (Eq. (14.402)) and ^(C^C, a) given by Eq. (14.408): 

'V e+ T + V m + V p -E(C mlylcne ,2sp 3 ) 
+2E T (C = C,2tf)+E m ^. m .(C - C,cr) 
= E T (C S C, tr) + 2E T (C a C, 2s/> 3 ) + f ^ ojc (C - C, o") (1 4.409) 
= E r {C S C)+E ace „ emosc (C = C,a) 



f ' -3e* 



^r + «c (C s C) = « 



8;tc 0 c 



(0.91771)^2-|Ajln^-l 




= -98.03637 eF- 3 





ll e 1 


2^ 








m e c 2 




( 



+ 3 



12 V/- 



(14.410) 



0.23468 cF-ife /— 

2 V// 



) 



From Eqs. (14.408-14.410), the total energy of the C s C -bond MO is 
Er.oAC^C^^WeV+lE^C^Casp^+E^^C^) 

= -94.90610 eP+2(-1.56513 eF)-3^0.23468 eF-i(0.41833 eV)) 



= -98.11291 eV 



10 



(14.411) 



where the experimental E^ was used for the h \— term. 
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. BOND ENERGY OF THE C = C BOND OF ACETYLENE 

As in the case of n CH 2 and U NH , the dissociation of the CsC bond forms three unpaired 

electrons per central atom wherein the magnetic moments cannot all cancel. The energy per 
atom E(magnetic) is given by Eq. (13.524). Thus, the dissociation energy of the C = C 

5 bond of CHCH 9 E D (HC^ CH) » is given by six times E(c,2sp 3 ) (Eq. (14.146)), the initial 
energy of each C2sp 3 HO of each CH radical that forms the triple CsC bond, minus the 
sum of AE t+05c ( X2 CH) (Eq. (14.396)), the energy change going from the hydrogen carbide 

radicals to the CH groups of acetylene, E T + ose (C = C) (Eq. (14.411)), and two times 

E{magnetic) given by Eq. (13.524). Thus, the dissociation energy of the CsC bond of 

■ ■ 

10 CHCH , is 

i 

E D (HC s CH) = 6(E(C, 2sp 3 )) - ( AE T+mc ( n CH) + E T+ox (C = C) + 2E(magneticj) 

= 6(-14.63489eF)-(-0.06460eF-98.11291 eK + 0.29606eF) ( 14412 ) 

= 6(-14.63489 eK)-(-97.88145 eV) 
= 10.07212 eV 

The experimental dissociation energy of the C s C bond of CHCH is [7] 

E D {HC ~CH) = 10.0014 eV (14.413) 

The results of the determination of bond parameters of CHCH are given in Table 
15 14^1. The calculated results are based on first principles and given in closed-form, exact 
equations containing fundamental constants only. The agreement between the experimental 
and calculated results is excellent. 

BENZENE MOLECULE (C 6 H 6 ) 

20 The benzene molecule C 6 H 6 is formed by the reaction of three ethylene molecules: 

3CH 2 CH 2 -> C 6 H 6 + 3H 2 . (14.414) 
C 6 H 6 can be solved using the same principles as those used to solve ethylene wherein the 2s 
and 2p shells of each C hybridize to form a single 2 sp 3 shell as an energy minimum, and 
the sharing of electrons between two C2sp 3 hybridized orbitais (HOs) to form a molecular 

25 orbital (MO) permits each participating hybridized orbital to decrease in radius and energy. 
Each 2sp 3 HO of each carbon atom initially has four unpaired electrons. Thus, the 6 if 
atomic orbitais (AOs) of benzene contribute six electrons and the six sp 3 -hybridized carbon 
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atoms contribute twenty-four electrons to form six C-H bonds and six C » C bonds. Each 
C-H bond has two paired electrons with one donated from the H AO and the other from 
the C2sp 3 HO. Each C = C bond comprises a linear combination of a factor of 0.75 of four 

paired electrons (three electrons) from two sets of two C2sp 3 HOs of the participating carbon 
5 atoms. Each C - H and each C = C bond comprises a linear combination of one and two 
diatomic H 2 -type MOs developed in the Nature of the Chemical Bond of Hydrogen-Type 

Molecules and Molecular Ions section, respectively. 

FORCE BALANCE OF THE C = C -BOND MO OF BENZENE 
10 C 6 H 6 can be considered a linear combination of three ethylene molecules wherein a 

C-H, bond of each CH 2 group of H 2 C = CH 2 is replaced by a C = C bond to form a six- 

• » - 

member ring of carbon atoms. The solution of the ethylene molecule is given in the Ethylene 
Molecule (CH 2 CH 2 ) section. Before forming ethylene groups, the 2sp 3 hybridized orbital 

arrangement of each carbon atom is given by Eq. (14.140). The sum E T (c, 2sp 3 ) of 
15 calculated energies of C, C + , C 2+ , and C 3+ is given by Eq. (14.141). The radius of the 
C2sp 3 shell is given by Eq. (14.142). The Coulombic energy E Cmdomh (C \2sp 3 ) and the 
energy E(C,2sp 3 ) of the outer electron of the C2sp 3 shell are given by Eqs. (14.143) and 
(14.146), respectively. Two CH 2 radicals bond to form CH 2 CH 2 by forming a MO between 
the two pairs of remaining C2sp 3 -HO electrons of the two carbon atoms. However, in this 

* 

20 case, the sharing of electrons between four C2sp 3 HOs to form a MO comprising four spin-r 
paired electrons permits each C2sp 3 HO to decrease in radius and energy. The C-C -bond 
MO is a prolate-spheroidal-MO surface that cannot extend into C2sp 3 HO for distances 
shorter than the radius of the C2^p 3 shell of each atom. Thus, the MO surface comprises a 
partial prolate spheroid in between the carbon nuclei and is continuous with the C2sp 3 shell 

25 at each C atom. The energy of the H 2 -type ellipsoidal MO is matched to that of each C2sp 3 

shell. As in the case of previous examples of energy-matched MOs such as those of OH , 
NH, C//,the C = 0-bondMOof C0 2 ,andthe C-C-bond MO of CH^CH^ the C = C- 

bond MO of ethylene must comprise 75% of a H 2 -type ellipsoidal MO in order to match 
potential, kinetic, and orbital energy relationships. Thus, the C = C -bond MO must comprise 
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a linear combination of two MOs wherein each comprises two C2sp 3 HOs and 75% of a H 2 
type ellipsoidal MO divided between the C2sp 3 HOs: 



2(2 C2sp 3 4-0.75 H 2 MO) -» C = C-bond MO (14.415) 



The linear combination of each H 2 -type ellipsoidal MO with each C2sp 3 HO further 

comprises an excess 25% charge-density contribution from each C2sp 3 HO to the C = C - 
bond MO to achieve an energy minimum. The force balance of the C = C -bond MO is 
determined by the boundary conditions that arise from the linear combination of orbitals 
10 according to Eq. (14.415) and the energy matching condition between the C2sp 3 -UO 
components of the MO. 

The sharing of electrons between two pairs of C2sp 3 HOs to form aC = C -bond MO 
permits each participating hybridized orbital to decrease in radius and energy. The sum 
E T [C et ^ ene9 2sp 3 )of calculated energies of C2sp\ C\ C 2+ , and C u is given by Eq. 

15 (14.243). In order to further satisfy the potential, kinetic, and orbital energy relationships, 
* each participating C2sp 3 HO donates an excess of 25% of its electron density to the C = C - 

■ 

bond MO to form an energy minimum. By considering this electron redistribution in the 

« 

ethylene molecule as well as the fact that the central field decreases by an integer for each 
successive electron of the shell, the radius r of the C2sp 3 shell of ethylene calculated 

• ■ 

20 from the Coulombic energy is given by Eq. (14.244). The Coulombic energy 
Ecouhmb { C ethyien*> 2s P 3 ) of outer electron of the C2sp 3 shell is given by Eq. (14.245). The 
energy E{C tihyltnt ,2sp 3 } of the outer electron of the C2sp 3 shell is given by Eq. (14.246). 
E T (C = C, 2sp 3 ) (Eq. (14.247), the energy change of each C2sp 3 shell with the formation of 

the C - C -bond MO is given by the difference between E (C eihy(enc , 2sp 3 ) and E (C, 2sp 3 ) . 

25 Consider the case where three sets of C = C -bond MOs form bonds between the two 

carbon atoms of each molecule to form a six-member ring such that the six resulting bonds 
comprise eighteen paired electrons. Each bond comprises a linear combination of two MOs 
wherein each comprises two C2sp 3 HOs and 75% of a # 2 -type ellipsoidal MO divided 

between the C2sp 3 HOs: 
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3 (2 C2sp 3 + 0.75 H 2 MO) -y 3 (c = c) - ethylene - type - bond MC? 
— bond MO of benzene 



(14.416) 



The linear combination of each # 2 -type ellipsoidal MO with each C2sp 3 HO further 

5 comprises an excess 25% charge-density contribution per bond from each C2sp 3 HO to the 

C = C -bond MO to achieve an energy minimum. Thus, the dimensional parameters of each 
bond C = C -bond are determined using the same equations as those used to determine the 
same parameters of the C = C -bond MO of ethylene (Eqs. (14.242-14.268)) while matching 
the boundary conditions of the structure of benzene. The energies of each C = C bond of 
10 benzene are also determined using the same equations, as those of ethylene with the 
parameters of benzene. The result is that the energies are essentially given as 0.75 times the 
energies of the C = C -bond MO of ethylene (Eqs. (14.251-14.253) and (14.319-14.333). 

The derivation of the dimensional parameters of benzene follows the same procedure 
as the determination of those of ethylene. As in the case of ethylene, each if 2 -type 

15 ellipsoidal MO comprises 75% of the C = C-bond MO shared between two C2sp 3 HOs 

-0.75e 

corresponding to the electron charge density in Eq. (11.65) of — - — . But, the additional 

mm 

i 

25% charge-density contribution to each bond of the C = C -bond MO causes the electron 

charge density in Eq. (1 1 .65) to be is given by — = -0.5e . The corresponding force constant 

2 

£• is given by Eq. (14.152). In addition, the energy matching at all six C2sp 3 HOs further 
20 requires that fc' be corrected by a hybridization factor (Eq. (13.430)) as in the case of 
ethylene, expect that the constraint that the bonds connect a six-member ring of C = C bonds 
of benzene rather two C2sp 3 HOs of ethylene decreases the hybridization factor of benzene 
compared to that of ethylene (Eq, (14.248)). 

Since the energy of each i/ 2 -type ellipsoidal MO is matched to that of all the 

25 continuously connected C bemeng 2sp 3 HOs, the hybridization-energy-matching factor is 
0.85252 . Hybridization with 25% electron donation to each C = C -bond gives rise to the 
C benzem 2sp s HO-shell Coulombic energy E CM (c bemene ,2sp 3 ) given by Eq. (14.245). The 
corresponding hybridization factor is given by the ratio of 15.95955 eV 9 the magnitude of 
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^^(c^^lsp 3 ) given by Eq. (14.245), and 13.605804 eV , the magnitude of the 

Coulombic energy between the electron and proton of H given by Eq. (1.243). The 
hybridization energy factor is 

e 2 e 2 



c . - *« £ f° = 8 T° = 13 - 6058Q4eF =0.85252 (14.417) 
bmt^cWno e 2 e 2 15.95955 eV 

8*s 0 0.85252a 0 

5 Thus, the force constant k % to determine the ellipsoidal parameter c % in terms of the 

central force of the foci (Eq. (1 1.65)) is given by 

> =C ^^M^oW^fl 0 4.4 I8 ) 

The distance from the origin to each focus c f is given by substitution of Eq. (14.418) into Eq. 
(13.60). Thus, the distance from the origin of the component of the double C = C -bond MO 
10 to each focus c* is given by 



fi 2 4rcs A » (14.419) 



(0.85252) m e e 2 a \ 0.85252 
The internuclear distance from Eq. (14.419) is 



2c' = 2j aa ° (14.420) 
. V 0.85252 

The length of the semiminor axis of the prolate spheroidal C = C -bond MO b = c is given by 
15 Eq. (13.62). The eccentricity, e , is given by Eq. (13.63). The solution of the semimajor axis 
a then allows for the solution of the other axes of each prolate spheroid and eccentricity of 
the C = C -bond MO. From the energy equation and the relationship between the axes, the 
dimensions of the C = C -bond MO are solved. 

The general equations for the energy components of V e , V p , T , V m , and E T of the 

20 C = C -bond MO of benzene are the same as those of the CH 2 CH 2 MO except that energy of 

the C bename 2sp* HO is used and the hybridization factor is given by Eq. (14.417). Using Eqs, 

(14.251) and (14.417), E T (C = C,cr) is given by 



£ r (C = C,a) = £ r + i?(^ 



2e 



2 



(0.85252) 



2- 



1 a 



0 



2 a 



In --1 

a-c 



(14.421) 
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The total energy term of the double C = C -bond MO is given by the sum of the two H 2 -type 
ellipsoidal MOs given by Eq. (11.212). To match this boundary condition, E T {C = C,a) 
given by Eq. (14.421) is set equal to two times Eq. (13.75): 

E r (C = C,a) = --^- f(0.85252)f2-^lln £±£ T- 1 1 = - 63 - 27074eF < 14 - 422 > 
n ' Ue^c' L \ 2 a ) a-c' J 

5 From the energy relationship given by Eq. (14.422) and the relationship between the axes 
given by Eqs. (14.419-14.420) and (13.62-13.63), the dimensions of the C = C -bond MO can 
be solved. 

Substitution of Eq. (14.419) into Eq. (14.422) gives 



2e 2 



'0 



85252 



(0.85252) 



+ i aa o 
2 _IA] m _j0J5252 _ 1 

v. 2 a J a _ I aa 0 



0.85252 



= e63.27074 (14.423) 



10 The most convenient way to solve Eq. (14.423) is by the reiterative technique using a 
computer. The result to within the round-off error with five-significant figures is 

a =1.47348tf 0 = 7.79733 X W n m (14.424) 
Substitution of Eq. (14.424) into Eq. (14.4129) gives 

♦ 

c' = 1 .31468a 0 = 6.95699 X 10"" m (14.425) 
1 5 The internuclear distance given by multiplying Eq. (14.425) by two is 

2c' = 2.62936a 0 = 1. 39140 X 10" 10 m (14.426) 
The experimental bond distance is [3] 

2c' = 1.339X 10- 10 m (14.427) 
Substitution of Eqs. (14.424-14.425) into Eq. (13.62) gives 
20 & = c = 0.66540<r 0 =3.52116X10-" m (14.428) 

Substitution of Eqs. (14.424-14.425) into Eq. (13.63) gives 

e = 0.89223 (14.429) 
The nucleus of the C atoms comprise the foci of the # 2 -type ellipsoidal MO. The 

parameters of the point of intersection of the H 2 -type ellipsoidal MO and the C bemtm 2sp HO 
25 are given by Eqs. (13.84-13.95) and (13.261-13.270). Each benzene carbon atom contributes 

(0.75)(-l. 13380 eV) = -0.85035 eV (Eqs. (14.483) and (14.493)) to each of the two C=C - 
bond MOs and (0.5)(-1.13380 eV) = -0.56690 eV (Eq. (14.467)) to the corresponding 
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C- H -bond MO. The energy contribution due to the charge donation at each carbon 
superimposes linearly. The radius of r bemene2s j =0.79597^ is calculated using Eq, (14.518) 

using the total energy donation to each bond with which it is participates in bonding. The 
polar intersection angle 0 f is given by Eq. (13.261) where r n = r bcmem2s ^ =0.79597tf 0 is the 

5 radius of the C bemene 2sp 3 shell. Substitution of Eqs. (14.424-14.425) into Eq. (13.261) gives 
0' = 134.24° (14.430) 
Then, the angle 0 _ , 3rr „ the radial vector of the C2sp 3 HO makes with the internuclear 

braze** 2s P f 

axis is 

* 

9 c^Who = 180°-134.24 o = 45.76° (14.431) 
10 as shown in Figure 45. 

Thus, the l2 CH 4 bond dissociation energy, E D ( n CH A ) , given by Eqs. (13.154), and (13.614- 

13.616)is 

E D ( n CH, ) = -(67.95529 eV +13.59844 eV) - E THm ( U CH A ) 

= -81.55373 eF-(-86.04373 eV) (13.617) 
= 4.4900 eV 

The experimental n CH A bond dissociation energy is [40] 
15 E D ( n CH A ) = 4,48464 eV (13.618) 

Consider the right-hand intersection point The distance from the point of intersection of the 
orbitals to the internuclear axis must be the same for both component orbitals. Thus, the 
angle a>t = ##0 between the internuclear axis and the point of intersection of the H 2 - 

type ellipsoidal MO with each C^^sp 3 radial vector obeys the following relationship: 

20 ^W sb ^V*o=^^ (14 - 432) 

such that 

^ ° ™"°°™<>~^ =sip - 0.79597, »i,45.76» 

with the use of Eq. (14.431). Substitution of Eq. (14.428) into Eq. (14.433) gives 

^^.^o = 58.98' (14.434) 

25 Then, the distance d CmCbagntM ^ i0 along the internuclear axis from the origin of // 2 -type 
ellipsoidal MO to the point of intersection of the orbitals is given by 



WO 2007/051078 PCT/US2006/042692 

391 

d c=c^wo = acos9 c=CtmmHjMO (14.435) 
Substitution of Eqs. (14.424) and (14.434) into Eq. (14.435) gives 

=0-75935a 0 =4.01829 X I0" n m (14.436) 

* 

The distance 2 ^ ffQ along the internuclear axis from the origin of the C atom to the 

5 point of intersection of the orbitals is given by 

d c-c htmt ^no =c '~ dc-c^MjMo (14.437) 
Substitution of Eqs. (14,425) and (14.436) into Eq. (14.437) gives 

, j un = 0.55533a 0 = 2.93870 X 10" n m (14.438) 



10 FORCE BALANCE OF THE CH MOs OF BENZENE 

Benzene can also be considered as comprising chemical bonds between six CH radicals 
wherein each radical comprises a chemical bond between carbon and hydrogen atoms. The 
solution of the parameters of CH is given in the Hydrogen Carbide (CH) section. Each 
C - H bond of CH having two spin-paired electrons, one from an initially unpaired electron 

15 of the carbon atom and the other from the hydrogen atom, comprises the linear combination 
of 75% H 2 -type ellipsoidal MO and 25% C2sp* HO as given by Eq. (1 3 .439): 



1 C2sp* + 0.75 H 2 MO -> CH MO (14.439) 



20 The proton of the H atom and the nucleus of the C atom are along each internuclear axis 
and serve as the foci. As in the case of H 2 , the C- H -bond MO is a prolate spheroid with 

■ 

the exception that the ellipsoidal MO surface cannot extend into C2sp 3 HO for distances 
shorter than the radius of the C2sp 3 shell since it is energetically unfavorable. Thus, each 
MO surface comprises a prolate spheroid at the H proton that is continuous with the C2sp 3 

25 shell at the C atom whose nucleus serves as the other focus. 

The force balance of the CH MO is determined by the boundary conditions that arise from 
the linear combination of orbitals according to Eq. (14.439) and the energy matching 

condition between the hydrogen and C2sp 3 HO components of the MO. The force constant 
k ' to determine the ellipsoidal parameter c ' of the each H 2 -type-ellipsoidal-MO component 
30 of the CH MO in terms of the central force of the foci is given by Eq. (13.59). The distance 
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from the origin of each C-H -bond MO to each focus c' is given by Eq. (13.60). The 
internuclear distance is given by Eq. (13.61). The length of the semiminor axis of the prolate 
spheroidal C~H -bond MO b = c is given by Eq. (13.62). The eccentricity, e 5 is given by 
Eq. (13.63). The solution of the semimajor axis a then allows for the solution of the other 
5 axes of each prolate spheroid and eccentricity of each C - H -bond MO. From the energy 
equation and the relationship between the axes, the dimensions of the CH MO are solved. 

Consider the formation of the double C = C -bond MOs of benzene wherein ethylene 

* 

formed from two CH 2 radicals, each having a C2sp 3 shell with an energy given by Eq. 
(14.146), serves as a basis element. The energy components of V t , V p , T,V m , and Ej, are 

10 the same as those of the hydrogen carbide radical, except that E T (C = C,2sp 3 ) is subtracted 

from Ej. (CH) of Eq. (13.495). As in the case of the CH 2 groups of ethylene (Eq. (14.270)), 

the subtraction of the energy change of the C2sp 3 shell per H with the formation of the 
C = C -bond MO matches the energy of each C - H -bond MO to the decrease in the energy 
of the corresponding C2sp 3 HO. Using Eqs. (13.43 1) and (14.247), E T (CH) is given by 



E Tkm (CH) = E T + E (C, 2sp 3 )-E T (C = C, 2sp 3 ) 



15 



'__£!_ [(0.91771)( 2-iAV— " 
Ue 0 c' L v \ 2 a ) a-c' 

^-14.63489 eF-(-1.13379 eV) 



1 



\ 



(14.440) 



E Tk (CH) given by Eq. (14.440) is set equal to the energy of the H 2 -type ellipsoidal MO 



given by Eq. (13.75): 



btnztnt 



(CH)- 



8ns 0 c' 



(0.9177 



In 



a+c f 



-1 



r 14.63489 eV -(-1.13379 eV) 



= -31.63537 eV 



J 



(14.441) 

20 From the energy relationship given by Eq. (14.441) and the relationship between the axes 
given by Eqs, (13.60-13.63), the dimensions of the CH MO can be solved. 
. Substitution of Eq. (13.60) into Eq. (14.441) gives 



(0.9177l)|2---^V 
^ 2a) 



a+ 



\2aa 0 



l2aa Q 



-1 



= €18.13427 



(14.442) 
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The most convenient way to solve Eq. (14.442) is by the reiterative technique using a 
computer. The result to within the round-off error with five-significant figures is 

a a 1.60061tf 0 = 8.47006 X 10 _n m (14.443) 
Substitution of Eq. (14.443) into Eq. (14.60) gives 

5 c' = 1 .03299a 0 = 5.46636 X 1 0" n m (14.444) 
The intemuclear distance given by multiplying Eq. (14.444) by two is 

2c' = 2.06598a a = 1 .09327 X 1 0' 10 m (14.445) 
The experimental bond distance is [3] 

2c' = 1.101 X 10 -10 m (14.446) 
10 Substitution of Eqs. (14.443-14.444) into Eq. (14.62) gives 

b = c = 1.22265a 0 = 6.47000 X KT" m (14.447) 

Substitution of Eqs. (14.443-14.444) into Eq. (14.63) gives 

e = 0.64537 (14.448) 
The nucleus of the H atom and the nucleus of the C atom comprise the foci of each 
15 # 2 -type ellipsoidal MO. The parameters of the point of intersection of the H 2 -type 

ellipsoidal MO and the C ltmm 2sp 3 HO are given by Eqs. (13.84-13.95) and (13.261-13.270). 
The polar intersection angle 0' is given by Eq. (13.261) where r n =r timmA ^ = 0.79597a 0 is 

the radius of the C bmmi 2sp 3 shell. Substitution of Eqs. (14.443-14.444) into Eq. (13.261) 
gives 

20 0' = 74.42° (14.449) 

Then, the angle 6 . , the radial vector of the C2sp 3 HO makes with the intemuclear 

° C-H^^Zsp HO 

axis is 

, , =180°-74.42° = 105.58° (14.450) 
as shown in Figure 46. 

25 

The distance from the point of intersection of the orbitals to the intemuclear axis must be the 
same for both component orbitals. Thus, the angle ®t = 0 c _ HhmtxtMlUO between the 
intemuclear axis and the point of intersection of the K 2 -type ellipsoidal MO with the 
C bemene 2sp 3 radial vector obeys the following relationship: 
30 * n <U_V*> = 0/79597fl ° sin6 U_V*o = *™«U_.W (14.451) 
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such that 

- *- 0TO5 ^ sto W,*» . sto -, ftTww^iMjr (M 452) 

with the use of Eq. (14.450). Substitution of Eq. (14.447) into Eq. (14.452) gives 

Oc-h^h&o = 38-84° (14.453) 

5 Then, the distance d c _ H ^ MiUO along the internuclear axis from the origin of # 2 -type 
ellipsoidal MO to the point of intersection of the orbitals is given by 

d c-H^,H&o = a cos B c _„^ m HiU0 (1 4 454) 
Substitution of Eqs. (14.443) and (14.453) into Eq. (14.454) gives 

dc-H^H&o = 1 .24678a 0 = 6.59767 X 10~ n m (14.455) 

10 The distance d r ^ along the internuclear axis from the origin of the C atom to the 

point of intersection of the orbitals is given by 

^C-H^ls^HO = ^C-H^MiMO * c ' (14.456) 

Substitution of Eqs. (14.444) and (14.455) into Eq. (14.456) gives 

J c-^ 2 ^ =0 - 2137 ^o=1.13131X10- 11 m (14.457) 

15 The basis set of benzene, the ethylene molecule, is planar with bond angles of approximately 
120° (Eqs. (14.298-14.302)). To form a closed ring of equivalent planar bonds, the 
C = C bonds of benzene form a planar hexagon. The bond angle 0 C=C=C between the 
internuclear axis of any two adjacent C = C bonds is 

(14.458) 

20 The bond angle 6 C=C _ H between the internuclear axis of each C = C bond and the 
corresponding H atom of each CH group is 

fl>c-tf = l20 ° (14.459) 
The experimental angle between the C = C = C bonds is [13-15] 



W=120° 



Oc-c* = 120° 



(14.460) 



25 The experimental angle between the C = C - H bonds is [13-1 5] 

0oc-*=12O° (14.461) 
The C 6 H 6 MO shown in Figure 47 was rendered using these parameters. 

The charge-density in the C = C -bond MO is increased by a factor of 0.25 per bond 
with the formation of the C bemene 2sp z HOs each having a smaller radius. Using the orbital 
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composition of the CH groups (Eq. (14.439)) and the C-C -bond MO (Eq. (14.416), the 
radii of Cls = 0.171 13a 0 (Eq. (10.51)) and C bemaK 2sp 3 =0.79597 a Q (Eq. (14.520)) shells, 

and the parameters of the C = C -bond (Eqs. (13.3-13.4), (14.424-14.426), and (14.428- 
14.438)), the parameters of the C-#-bond MOs (Eqs. (13.3-13.4), (14.443-14.445), and 
5 (14.447-14.457)), and the bond-angle parameters (Eqs. (14.458-14.459)), the charge-density 
of the C 6 # 6 MO comprising the linear combination of six sets of C-H -bond MOs with 



3e 



bridging C=C -bond MOs is shown in Figure 47. Each C-H -bond MO comprises a H 2 - 
type ellipsoidal MO and a C^^lsp 3 HO having the dimensional diagram shown in Figure 
46. The C = C-bond MO comprises a i/ 2 -type ellipsoidal MO bridging two sets of two 
1 0 C fc(Bene 2sp 3 HOs having the dimensional diagram shown in Figure 45. 



ENERGIES OF THE CH GROUPS 

The energies of each CH group of benzene are given by the substitution of the semiprincipal 
axes (Eqs. (14.443-14.444) and (14.447)) into the energy equations of hydrogen carbide (Eqs. 

15 (13.449-13.453)), with the exception that E T (C = C,2sp 3 ) (Eq. (14.247)) is subtracted from 



E T (CH) in Eq. (13.453): 



V e =(0.91771) 



20 



-2e' 



ln fl+ yfEZ =-37.10024 e K 



ixe a yja 2 -b 2 a-Ja 2 -b 2 



(14.462) 



.2 



v= ; 

%nejc?-b 2 



T = (0.91771) 



= 13.17125 <?F 



(14.463) 



ti 



In 



2m e a4a 2 - b 2 a-Ja 2 -b 2 



= 11.58941 eV 



(14.464) 



-ti' 



F. =(0.91771) ~" In" , ~ 6 =-5.79470 

4m e a*Ja 2 -b 2 a-yfa 2 -b 2 



(14.465) 



8we 0 e 1 



(0.91771) 



1 oA a + c* 



2- 



In 



2 a ) a—c 
v -14.63489eK -(-1.13379 eV) 



-1 



= -31.63539 eV 



(14.466) 

where E T (CH) is given by Eq. (14.440) which is reiteratively matched to Eq. (13.75) 



within five-significant-figure round off error. 
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The total energy of the C-H -bond MO, ^^(C-tf), is given by the sum of 
0.5^(0 = C,2sp 3 ), the energy change of each C2sp 3 shell per single bond due to the 
decrease in radius with the formation of the corresponding C = C -bond MO (Eq. (14.247)), 
3X1(1 E t immm {CH),\he a MO contribution given by Eq. (14.441): 



'hetirne 



(C-H) = 



(0.5)E T (C = C,2sp 3 )+E Tit ^ (CH) 
'(0.5)(-l. 13379 eV)+ 



f 



(0.91771) 



2- 



1 a. 



In 



a+c' 



2a) a-c' 
14.63489 eV -(-1.13379 eV) 

(0.5)(-l. 13379 eV)+ (-3 1.63537 eV) 
-32.20226 eV 



-1 



(14.467) 



VIBRATION OF THE U CH GROUPS 

The vibrational energy levels of CH in benzene may be solved using the methods given in 
the Vibration and Rotation of CH section. 



10 



THE DOPPLER ENERGY TERMS OF THE l2 CH GROUPS 
The equations of the radiation reaction force of the CH groups in benzene are the same as 
those of the hydrogen carbide radical with the substitution of the CH -group parameters. 
Using Eq. (13.477), the angular frequency of the reentrant oscillation in the transition state is 



15 



co = 



0.75e 2 
4jre 0 b' 
m. 



= 2.64826* 10 16 radls 



(14.468) 



where b is given by Eq. (14.447). The kinetic energy, E K , is given by Planck's equation 
(Eq. (11.127)): 



E K =Ha) = h2.64S26X 10 16 radls = 17.43132 eV 



(14.469) 



In Eq. (11.181), substitution of E,.(H 2 ) (Eqs. (11.212) and (13.75)), the maximum total 

20 energy of each H 2 -type MO, for , the mass of the electron, m e , for M , and the kinetic 

energy given by Eq. (14.469) for E K gives the Doppler energy of the electrons for the 
reentrant orbit: 
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„ „ , 2^(17.43132 eV) 
-31.63537 eVA—± 5 =-0.26130 eV 

1 V m c C 



(14.470) 



In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. The decrease in the energy of CH due to 
the reentrant orbit of each bond in the transition state corresponding to simple harmonic 

5 oscillation of the electrons and nuclei, E osc , is given by the sum of the corresponding 
energies, E D given by Eq. (14.470) and E KvU) , the average kinetic energy of vibration which 
is 1/2 of the vibrational energy of the C - H bond. Using a> e given by Eq. (13.458) for E Kvib 
of the transition, E bgmm osc ( l2 CH ) per bond is 



'benzene osc 



("CH) = E D +E Kvlb =E D + l -h^- 



10 



cso ( U CH) = -0.26130 eV +1(0.35532 eV) = -0.08364 eV 



(14.471) 



(14.472) 



TOTAL AND BOND ENERGIES OF THE l2 CH GROUPS 

£w»r +ew ( n CH) > the total energy of each n CH group including the Doppler term, is given 
by the sum of ^ (C-H) (Eq. (14.467)) and bsc ( u CH) given by Eq. (14.472): 



E 



15 



benzeneT+osc 



(CH) = 



(V e +T + V m+ V p +E(C,2sp 3 )-E T (C = C,2sp i )) 
(+0.52? r (C = C,2sp 3 )+ E^. w ( n CH ) 
= E TiM JC-H) + E tmtM<ac ( n CH) 



(14.473) 



'bemxncT+osc 



( n CH) = 



f 2 

-e 



c \ 4.63489 e V - (-1 . 1 3379 eV) 

r 



-0.5(1.13379 eV) 



3 e' 



(31.63536831 eV)\ — ^ — 
I 1 m e 



2M 4 ^ 

m < 1 ft \ k 
? 2%) 



= -32.20226 eV- 



' 1 /P 

0.26130 eV--h. — 



2 \/zj 
(14.474) 

From Eqs. (14.472-14.474), the total energy of each ]2 CH is 
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E btmeMT+0SC ( l2 CH) = -32.20226 e V + E baacnc ox ( l2 CH 2 ) 



= -32.20226 eV- 



= -32.28590 eV 



( 1 ^ 

0.26130 eV- -(0.35532 eV) 



(14.475) 



where # e given by Eq. (13.458) was used for the iftj— term. 

As in the case of l2 CH 2 , H NH , and acetylene, the dissociation of the C = C bonds 

forms three unpaired electrons per central atom wherein the magnetic moments cannot all 
5 cancel. The* energy per atom E(magnetic) is given by Eq. (13.524). Thus, the bond 
dissociation energy of each CH group of the linear combination to form benzene, 
E D ( n CH), is given by the sum of the total energies of the C2sp 3 HO and the hydrogen 

^benzene \ / 

atom minus the sum ^ E bememTMae ( tt CH) and EQnagnetic) given by Eq. (13.524): 

( UCH ) = - (*L-r~ ( n CH)+ Eimagnetic)) (14.476) 

10 E(C,2sp 2 ) is given by Eq. (13.428), E D [H) is given by Eq. (13.154), and E(magnetic) is 

given by Eq. (13.524). Thus, E D ^ ( n CH) given by Eqs. (13.154), (13.428), (13.524), 
(14.475), and (14.476) is 

E^ ( ,2 C#) = -(14.63489 *F + 13.59844 eV)-(E 6ememT+0K (CH) + E(magnetic)) 

= -28.23333 eV -(-32.28590 eV + 0.14803 eV) (14.477) 
= 3.90454 eV 

15 SUM OF THE ENERGIES OF THE C = C a MO ELEMENT AND THE HOs 
OF BENZENE 

The energy components of V e , V p , T, V m , and E T of the C = C -bond MO of benzene are 
the same as those of the CH 2 CH 2 MO except that the hybridization factor is given by Eq. 

(14.417). The energies of each C = C -bond MO are given by the substitution of the 
20 semiprincipal axes (Eqs. (14.424-14.425) and (14.428)) into energy equations of the 
CH 2 CH 2 MO (Eqs. (14.319-14.323)), with the exception that the hybridization factor is 

0.85252 (Eq. (14.417)): 

V =2(0.85252) ~Y l n a+ ^ / f!z^. = -101.12679 eV (14.478) 
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= 20.69825 eV 



(14.479) 



7 - 2(0.85252) ? ln° + 7 ~ b = 34.31559 

2m t a4a 2 -b 2 a-Ja 2 -b 2 



(14.480) 



K m =2(0.85252) ^n^±^EF 

4m e a*Ja 2 -b 2 a-^cf-b 



= -17.15779 eV 



(14.481) 



£ r (C = C,aj = 



2e : 



(0.85252) 



2 a 



\ 



ln^-ll = 

a-c> J 



-63.27075 eV (14.482) 



5 where £ r (C = C,cr) is the total energy of the C = C a MO given by Eq. (14.421) which is 
reiteratively matched to two times Eq. (13.75) within five-significant-figure round off error. 
The total energy of the C = C -bond MO, E T [C = C) , is given by the sum of two 

times E T [C = C,2sp 3 ), the energy change of each C2sp 3 shell due to the decrease in radius 

with Ihe formation of the C = C-bond MO (Eq. (14.247)), and E T (C = C,a), the cr MO 

1 0 contribution given by Eq. (1 4.422): 

E T (C = C) = 2E T (C = C, 2sp 3 ) + E T (C = C,a) 

(2(-l.im0eV)+ 
' 2e 2 



(0.85252)(2-!-^)ln— -1 ] 
V 2a) a-c' \)j 



(14.483) 



= 2(-l. 13380 eV)+ (-63.27074 eV) = -65.53833 eV 
which is the same E T (C = C,<?) of ethylene given by Eq. (14.324). 



VIBRATION OF BENZENE 
15 The C-C vibrational energy levels of C 6 H 6 may be solved as six sets of equivalent 

hi 

coupled harmonic oscillators where each C is a further coupled to the corresponding C - H 
oscillator by developing the Lagrangian, the differential equation of motion, and the 
eigenvalue solutions [9] wherein the spring constants are derived from the central forces as 
given in the Vibration of Hydrogen-Type Molecular Ions section and the Vibration of 
20 Hydrogen-Type Molecules section. 



THE DOPPLER ENERGY TERMS OF THE C = C -BOND MO ELEMENT 
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OF BENZENE 

The equations of the radiation reaction force of the C = C -bond MO of benzene are given by 
Eq. (13.142), except the force-constant factor is (0.85252)0.5 based on the force constant k' 

of Eq. (14.418), and the C = C -bond MO parameters are used. The angular frequency of the 
5 reentrant oscillation in the transition state is 



Ml! 11 iP" 

0.85252 



(0.5) er 



j 3 

a, = 4i ^zs_ = 4.97272 x 1 0 16 rod I s (14.484) 



where b is given by Eq. (14.428). The kinetic energy, E K , is given by Planck's equation 
(Eq. (11.127)): 

E K =ha> = M.WniX 10" radls = 32.73133 eV (14.485) 

10 In Eq. (11.181), substitution of E T (H 2 ) (Eqs. (11.212) and (13.75)), the maximum total 

energy of each if 2 -type MO, for E^, the mass of the electron, for M , and the kinetic 

energy given by Eq. (14.485) for E K gives the Doppler energy of the electrons for the 
reentrant orbit: 



** =^^ = -31-63536831 'V f^ 2 '™/ ^ =-0.35806 e F (14.486) 

15 In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. The decrease in the energy of the C = C - 
bond MO due to the reentrant orbit of the bond in the transition state corresponding to simple 
harmonic oscillation of the electrons and nuclei, E^, is given by the sum of the 
corresponding energies, E D given by Eq. (14.486) and E Kvlb , the average kinetic energy of 

20 vibration which is 1/2 of the vibrational energy of the C = C bond. Using the experimental 
C = C E vlb (u l6 ) of 1584.8 cm' 1 (0.19649 eV) [16] for E Kvlb of the transition state having 
two bonds, E * 0JC (C = C, a) per bond is 

E\ sc (C = C,a) = E D + E Kva> = E D (14.487) 
E\ c (C = C,o-) = -0.35806 eV +^(0.19649 eV) = -0.25982 eV (14.488) 

At 
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Given that the vibration and reentrant oscillation is for two C-C bonds of each C = C 
double bond, E Umem ^ (C = C,cr) , is: 



E U,et n t<, 5 c{ C = C > <J ) = 2 



= 2 



( 1 "\ 

-0.35806 eV +-(0.19649 eV) = -0.51963 eV 
\ 2 J 



(14.489) 



10 



TOTAL ENERGIES OF THE C = C -BOND MO ELEMENT OF BENZENE 
e t*osc { c=c )> me total energy of the C = C -bond MO of benzene including the Doppler 

■ 

term, is given by the sum of E T (C = C) (Eq. (14.483)) and E btmem osc (C = C,<x) given by Eq. 
(14.489): 

JSr— (C = C) = V e + T + V m + V p + 2E, (C = C, 2sp 3 ) + E btmem m (C = C, cr ) 

= E T (C = C, cr) + 2E T (C = C, 2sp> ) + I_ wc (C = C,cr) (14.490) 
= £ r (C = C)+£ 6e „(C = C,a) 



r/ -2e 2 



= < 



(0.85252)^2 



, -i v 

ln^-- 1 \+2E T (C = C,2sp i ) 
a-c' J v ') 



-2 



(31.63536831 e 



\ 



2ft 



1 



(0.85252)^- e ' 



2 4^6; 



iw e c 



2 V^J ' J 



= -65.53833 eK- 2 



' 1 JFl 

0.35806 eV --ft — 

2 V/^J 



(14.491) 



From Eqs. (14.489-14.491), the total energy of the C = C -bond MO is 
(C = C) = -63.27074 *F + 2£ r (c = C, 2s/> 3 ) + E temem ose (C = C, a) 

= -63.27074 eF+2(-1.13380eK)-2fo.35806eF -^(0.19649 eV) 
= -66.05796 



15 



(14.492) 



where the experimental E v lh was used for the ft j— - term. 
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TOTAL BOND DISSOCIATION ENERGY OF BENZENE 

Ethylene serves as a basis element for the C = C bonding of benzene wherein each of the six 

3c 

C = C bonds of benzene comprises (0.75)(4) = 3 electrons according to Eq. (14.416). The 

■ 

u 

total energy of the bonds of the eighteen electrons of the C-C bonds of benzene, 

5 E T {c 6 H 6 ,C=c) , is given by (6) (0.75) times £ r+aje (C = C) (Eq. (14.492)), the total 
energy of the C = C -bond MO of benzene including the Doppler term, minus eighteen times 
E(C,2sp 3 ) (Eq. (14.146)), the initial energy of each C2sp 3 HO of each C that forms the 

3c 

double C = C bonds. Thus, the total energy of the six C=C bonds of benzene is 

^rc 6 H 6 ,C=cj = (6)(0.75)£ rtaw (C = C)-18£(C,25p 3 ) 

= (6)(0.75)(-66.05796 eF)-18(-14.63489 eV) (14.493) 
= -297.26081 eF - (-263.42798 eF) 
= -33.83284 eV 

10 Each of the C-H bonds of benzene comprises two electrons according to Eq. (14.439). 
From the energy of each C-H bond, -E D ( 12 CH) (Eq. (14.477)), the total energy of the 

twelve electrons of the six C - H bonds of benzene, E T (C 6 H 6 , C - H) , is given by 

£ r (QH 6 ,C - H) = (6)(-E Z)& _ ( 12 CH)) = 6(-3.90454 eV) = -23.42724 eV (14.494) 

i 

The total bond dissociation energy of benzene, E D (C 6 H 6 ), is given by the negative sum of 

■ 

15 E T (c 6 H 6 ,C=cj (Eq. (14.493)) and E T (C 6 H 6 ,C-H) (Eq. (14.494)): 



e d (c s h 6 )=-(e t (c 6 h 6> c=c)+e t (c 6 h 6> c-h) 



= -((-33.83284 eV)+ (-23.42724 eV)) (14.495) 
= 57.2601 eV 

M 

The experimental total bond dissociation energy of benzene, E T (C 6 H 6 ) 9 is given by 
the negative difference between the enthalpy of its formation ( tsH f (benzene (gas)}) and the 
sum of the enthalpy of the formation of the gaseous carbons ( AH f (C (gas))) and hydrogen 

• — 

20 (AH f (H(gas))) atoms. The heats of formation are [17-18] 

AH f (benzene (gas)) = 82.9 k) I 'mole (0.8592 eV I molecule) (14.496) 
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bHj (C(gas)) = 716.68 kJImole {1A2714 eVt molecule) 
AH f (H(gas)) m 217.998 kJImole (2.259353 eV I molecule) 
Thus, the total bond dissociation energy of benzene, E D (C 6 H 6 ), is 



(14.497) 



(14.498) 



E D {C 6 H 6 )-E T (c 6 H 6 ) = -{tsH f (Ur^{gas^ 

= -(0.8592 eV- 6 (7.42774 eV+ 2.259353 eV)) 
m 57.26 eV 



parameters of C 6 H 6 are given in Table 14.1. The calculated results are based on first 

principles and given in closed-form, exact equations containing fundamental constants only. 
The agreement between the experimental and calculated results is excellent. 

; • . , 

CONTINUOUS-CHAIN ALKANES (C n tf 2n+2 , n = 3,4,5...oo) 

The continuous chain alkanes, C„/f 2n+2 , are the homologous series comprising terminal 

methyl groups at each end of the chain with n - 2 methylene (C# 2 ) groups in between: 



wherein the 2s and 2p shells of each C hybridize to form a single 2sp 3 shell as an energy 
minimum, and the sharing of electrons between two C2sp 3 hybridized orbitals (HOs) to form 
a molecular orbital (MO) permits each. participating hybridized orbital to decrease in radius 
and energy. Three H AOs combine with three carbon 2sp* HOs and two H AOs combine 
20 with two carbon 2sp* HOs to form each methyl and methylene group, respectively, where 
each bond comprises a H 2 -type MO developed in the Nature of the Chemical Bond of 
Hydrogen-Type Molecules and Molecular Ions section. The CH 3 and CH 2 groups bond by 
forming H 2 -type MOs between the remaining C2sp 3 HOs on the carbons such that each 
carbon forms four bonds involving its four C2sp* HOs. 



5 



(14.499) 



where E T (C S H 6 ) is the total energy of the bonds. The results of the determination of bond 




25 
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FORCE BALANCE OF THE C-C-BOND MOs OF CONTINUOUS-CHAIN 
ALKANES 

C n H 2rJ + 2 comprises a chemical bond between two terminal CH 3 radicals and n - 2 
CH 2 radicals wherein each methyl and methylene radical comprises three and two chemical 
5 bonds, respectively, between carbon and hydrogen atoms. The solution of the parameters of 
CH 3 is given in the Methyl Radical (CH 3 ) section. The solution of the parameters of CH 2 

is given in the Dihydrogen Carbide Radical ( CH 2 ) section and follows the same procedure. 

Each C — H bond having two spin-paired electrons, one from an initially unpaired electron of 
the carbon atom and the other from the hydrogen atom, comprises the linear combination of 
10 75% i/ 2 -type ellipsoidal MO and 25% C25p 3 HO as given by Eq. (13.429): 

lC2sp*+0J5H 2 MO-+C-H MO (14.501) 

The proton of the H atom and the nucleus of the C atom are along each internuclear axis 
15 and serve as the foci. As in the case of H 2> each of the C-tf-bond MOs is a prolate 

spheroid with the exception that the ellipsoidal MO surface cannot extend into C2jp 3 HO for 
distances shorter than the radius of the C2sp 3 . shell since it is energetically unfavorable. 
Thus, each MO surface comprises a prolate spheroid at the H proton that is continuous with 
the C2*yp 3 shell at the C atom whose nucleus serves as the other focus. The electron 

20 configuration and the energy, E(c,2sp 3 ) , of the C2sp* shell is given by Eqs. (13.422) and 

(13.428), respectively. The central paramagnetic force due to spin of each C-H bond is 
provided by the spin-pairing force of the CH 3 or CH 2 MO that has the symmetry of an s 

orbital that superimposes with the C25p 3 orbitals such that the corresponding angular 
momenta are unchanged. The energies of each CH 3 and CH 2 MO involve each C2sp and 
25 each His electron with the formation of each C-H bond. The sum of the energies of the 
# 2 -type ellipsoidal MOs is matched to that of the C2sp 3 shell. The force balance of the 

C-H -bond MO is determined by the boundary conditions that arise from the linear 
combination of orbitals according to Eq. (14.139) and the energy matching condition between 

the C2sp* -HO components of the MO. 
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The CZTj and CH 2 groups form C - C bonds comprising H 2 -type MOs between 
the remaining C2 sp 3 HOs on the carbons such that each carbon forms four bonds involving 
its four C2,sp 3 HOs. The sharing of electrons between any two C2sp z HOs to form a 
molecular orbital (MO) comprising two spin-paired electrons permits each C2sp* HO to 
5 decrease in radius and energy. As in the case of the C - H bonds, each C - C -bond MO is a 
prolate-spheroidal-MO surface that cannot extend into C2sp 3 HO for distances shorter than 
the radius of the C2sp* shell of each atom. Thus, the MO surface comprises a partial prolate 
spheroid in between the carbon nuclei and is continuous with the C2sp 3 shell at each C 
atom. The energy of the H 2 -type ellipsoidal MO is matched to that of the C2sp* shell. As 

1 0 in the case of previous examples of energy-matched MOs such as the C - C -bond MO of 
ethane, each C-C -bond MO of C n H 2n + 2 must comprise 75% of a # 2 -type ellipsoidal MO 
in order to match potential, kinetic, and orbital energy relationships. Thus, the C - C -bond 
MO must comprise two C2sp 3 HOs and 75% of a # 2 -type ellipsoidal MO divided between 

the two C2sp 3 HOs: 

15 

2 C2sp 3 + 0.75 H 2 MO->C-C- bond MO (14.502) 



The linear combination of the # 2 -type ellipsoidal MO with each C2sp 3 HQ further 
comprises an excess 25% charge-density contribution from each C2sp* HO to the C-C- 
20 bond MO to achieve an energy minimum. The force balance of the C-C -bond MO is 
determined by the boundary conditions that arise from the linear combination of orbitals 
according to Eq. (14.502) and the energy matching condition between the C2^p 3 -HO 
components of the MO. 

Before bonding, the 2^p 3 hybridized orbital arrangement of each carbon atom is given by Eq. 
25 (14.140). The sum E r (C,2sp 3 ) of calculated energies of C, C + , C 2+ ,and C 3+ is given by 
Eq. (14.141). The radius r , of the C2^p 3 shell is given by Eq. (14.142). The Coulombic 

energy E Coulomb (c,2sp 3 ) and the energy E(C,2sp*) of the outer electron of the C2sp 3 shell 

are given by Eqs. (14.143) and (14.146), respectively. 

The formation of each C-C bond of C n H 2n + 2 further requires that the energy of all 
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H 2 -type prolate spheroidal MOs (cr MOs) be matched at all C2sp 3 HOs since they are 
continuous throughout the molecule. Thus, the energy of each C2sp 3 HO must be a linear 
combination of that of the CH 3 and CH 2 groups that serve as basis elements. Each CH* 
forms one C-C bond, and each CH 2 group forms two. Thus, the energy of each C2sp* 
5 HO of each CH 3 and CH 2 group alone is given by that in ethane and ethylene, respectively. 
The parameters of ethane and ethylene are given by Eqs. (14.147-14.151) and (14.244- 
14.247), respectively. The alkane parameters can be determined by first reviewing those of 
ethane and ethylene. 

With the formation of the C- C -bond MO of ethane from two methyl radicals, each 
10 having a C2sp 3 electron with an energy given by Eq. (14.146), the total energy of the. state is 

t ' 4 

given by the sum over the four electrons.. The sum E T (C ethme ,2sp 3 ) of calculated energies of 
C2sp 3 , C* , C 2+ , and C 3+ given by Eq. (14.147), is 

E r(C ellKme ,2sp 3 ) = -(64.3921 eF+48.3125 eK+24.2762 eV + E (c ,2sp 3 )) 

= -(64.3921 eK+48.3125 eF+24.2762 e7+14.63489cK)(14.503) 
= -151.61569 eV 

where E(C 9 2sp*) is the sum of the energy of C, -11.27671 eV , and the hybridization 
15 energy. The orbital-angular-momentum interactions also cancel such that the energy of the 

E T { C ethane > 2s P 3 ) is PU^fy COUlombk. 

The sharing of electrons between two C2 sp 3 HOs to form a C - C -bond MO permits 
each participating hybridized orbital to decrease in radius and energy. In order to further 
satisfy the potential, kinetic, and orbital energy relationships, each C2sp 3 HO donates an 
20 excess of 25% of its electron density to the C-C -bond MO to form an energy minimum. 
By considering this electron redistribution in the ethane molecule as well as the fact that the 
central field decreases by an integer for each successive electron of the shell, the radius 
r ^ 3 of & Q C2s P 3 she11 of ethane may be calculated from the Coulombic energy using 

Eq. 
25 (10.102): 



.«=2 J 



e 1 9.75e' 



8^ 0 (el 5 1.61 569 eV) = 8*^151. 61569 eV) 0 - 87495a » 



(14.504) 
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Using Eqs. (10.102) and (14.504), the Coulombic energy E CmSmb (C^^sp 3 ) of the outer 
electron of the Clsp 3 shell is 

V)-— ^ = - —".55033 eV (14.505) 

8^ 0 0.87495a 0 

During hybridization, one of the spin-paired Is electrons is promoted to C2sp 3 shell as an 
5 unpaired electron. The energy for the promotion is the magnetic energy given by Eq. 
(14.145). Using Eqs. (14.145) and (14.505), the energy E (C tlkmi ,2sp 3 ) of the outer electron 

of the C2sp 3 shell is 

E(C ethanc> 2sp s ) = — + ^w^_ m -15,55033 eF+0.19086eF = -15.35946 eV 

te o^ w c 2 (r 3 ) 

(14.506) 

10 Thus, E T (C-C,2sp 3 ), the energy change of each C2sp 3 shell with the formation of the 
C - C -bond MO is given by the difference between Eq. (14.146) and Eq. (14.506): 

E T (C-C 9 2*P 3 ) = E(C cthant9 2sp*)-E(C,2sp 3 ) = -15.35946 eF-(-14.63489 eV) = -0.72457 

(14.507) 

Next, consider the formation of the C = C -bond MO of ethylene from two CH 2 
15 radicals, each having a C2sp 3 electron with an energy given by Eq. ,(14.146). The sum 
E r {Ccthyienc'Zsp 3 ) of calculated energies of C2sp 3 , C + , C 2+ , and C 3+ is given by Eq. 

(14.147). The sharing of electrons between two pairs of C2sp 3 HOs to form a C = C -bond 

MO permits each participating HO to decrease in radius and energy. In order to further 

satisfy the potential, kinetic, and orbital energy relationships, each participating C2sp s HO 

20 donates an excess of 25% of its electron density to the C = C -bond MO to form an energy 
minimum. By considering this electron redistribution in the ethylene molecule as well as the 
fact that the central field decreases by an integer for each successive electron of the shell, the 

radius r of the C2sp 3 shell of ethylene may be calculated from the Coulombic 

energy using Eqs. (10.102) and (14.147): 
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,n-2 J 

9.5e 



8>a? 0 (el51.6l569eK) 



(14.508) 



87Hr 0 (el51.61569eK) 
= 0.85252a 0 

where Z = 6 for carbon. Using Eqs. (10.102) and (14.508), the Coulombic energy 
Ecm of ^ outer electron of the C2sp 3 shell is 

E r , AC, M ,2sp 3 ) = — = — = -15.95955 eV (14.509) 

coulomb \ M . P ) g 8«» 0 0.85252fl 0 

0 ethylene2sp s 0 u 

5 During hybridization, one of the spin-paired 2s electrons is promoted to C2sp 3 shell as an 
unpaired electron. The energy for the promotion is the magnetic energy given by Eq. 
(14.145). Using Eqs. (14.145) and (14.509), the energy E(C ethyiefie9 2sp 3 ) of the outer electron 

of the C2.yp 3 shell is 

2 2 2 

E(C^ ,2sp 3 ) = + *2?£-L = _ 15 .95955 eV + 0 .19086 eV = -15.76868 eV 

0 ethylenelsp* ' e \ 3 / 

10 (14.510) 
Thus, £ r (C = C,2sp 3 ), the energy change of each C2jp 3 shell with the formation of the 
C = C -bond MO is given by the difference between Eq. (14.146) and Eq. (14.510): 

E T (C = C,2sp>) = E(C ellv , em ,2sp 3 )- E(c,2sp 3 ) 

= -15.76868 eV- (-14.63489 eV) (14.511) 
= -1.13380 eV 

To meet the energy matching condition for all a MOs at all C2sp 3 HOs, the energy 
1 5 E [C alkme , 2sp 3 ) of the outer electron of the C2sp 3 shell of each alkane carbon atom must be 
the average of E(C eam , } 2sp 3 ) (Eq. (14.506)) and E^^sp 3 ) (Eq. (14.510)): 

,x JS(C <fc . t V)+£(C <%h .,V) 

(-15.35946 gF)+ (-15.76868 eK) (14 512) 

2 

= -15.56407 eV 
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And, E T ^ {C-C,2sp 3 \, the energy change of each C2sp 3 shell with the formation of each 
C-C-bond MO, must be the average of E T [C-C,2sp 3 ) (Eq. (14.507)) and 
E T (C = C,2sp 3 ) (Eq. (14.51 1)): 

= -0.92918 eV 

5 Using Eq. (10.102), the radius ^ te „ e2 ^ of the C2.sp 3 shell of each carbon atom of C„H Zn + 2 

may be calculated from the Coulombic energy using the initial energy 
E Cmi!amb (C,2sp*) = -14.82575 eV (Eq. (14.143)) and E^ (C-C,2sp 3 ) Eq. (14.513)), the 

energy change of each C2sp* shell with the formation of each C - C -bond MO. Consider 
the case of a methyl carbon which donates E T (C-C 9 2sp*) Eq. (14.513)) to a single 

SCUM \ / 

10 C-C bond: 



alkanzlsp? 



-e 2 



8^o ( Ec*,* if, 2sp 3 ) + E T ^ (C-C,2sp 3 )) 



8^ 0 (el4.825751 eV+e0.929lS eV) 
= 0.86359a 0 



e ' (14.514) 



Using Eqs. (10.102) and (14.514), the Coulombic energy E^^C^^ 3 ) of the outer 



electron of the C2sp 3 shell is 



-e 2 -e 2 



15 ^(^V)-!;^- - ■-13-754M.F (14.515) 



During hybridization, one of the spin-paired 2s electrons is promoted to C2sp 3 shell as an 
unpaired electron. The energy for the promotion is the magnetic energy given by Eq. 
(14.145). Using Eqs. (14.145) and (14.515), the energy E[C aamt ,2sp 3 ) of the outer electron 

of the C2sp 3 shell is 

20 E(C aUume ,2sp 3 ) = — +^^- = -15.75493 eV + 0.19086 eV = -\ 5.56407 eV 
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(14.516) 

Thus, E TMaM (C-C 9 2sp 3> ), the energy change of each C2sp 3 shell with the formation of each 

C - C -bond MO is given by the difference between Eq. (14. 1 46) and Eq. (14.5 1 6): 

E T ^ (C-C,2s/? 3 ) = £(C^^ eF) = ~0.92918 < 

5 (14.517) 

which agrees with Eq. (14.513). 

The energy contribution due to the charge donation at each carbon superimposes 

linearly. In general, the radius r mM ^ of the C2sp 3 HO of a carbon atom of a group of a 

given molecule is calculated using Eq. (14.514) by considering E^ {MO,2sp 3 ) 9 the total 

10 energy donation to each bond with which it participates in bonding. The general equation for 
the radius is given by 

= _ V 

(14.M5) 



8^ 0 (el 4.825751 + (MO,2^ 3 )|) 

The C2s/? 3 HO of each methyl group of an alkane contributes -0.92918 eV to the 
corresponding single C - C bond; thus, the corresponding C2sp 3 HO radius is given by Eq. 
15 (14.514). The C2sp 3 HO of each methylene group of C n H 2n+2 contributes -0.92918 eV to 
each of the two corresponding C - C bond MOs. Thus, the radius of each methylene group 
of an alkane is given by 



-e 2 



r °*™ c ~^ ^s,{E c ^ mb {ca S p^ C-C,2sp 3 )) 

fi2 (14.519) 



8^ 0 (el4.825751 eK+e0.92918 eF+eO.92918 eV) 

■ 

= 0.81549fl 0 

As in the case with ethane, the # 2 -type ellipsoidal MO comprises 75% of the C-C- 
20 bond MO shared between two C2sp 3 HOs corresponding to the electron charge density in 

Eq. (11.65) of ~~ 015e ; But, the additional 25% charge-density contribution to the C-C- 

# » 

— B 

bond MO causes the electron charge density in Eq. (11.65) to be is given by — = -0.5e . 
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Thus, the force constant k* to determine the ellipsoidal parameter c' in terms of the central 
force of the foci is given by Eq. (14.152). The distance from the origin of the C-C -bond 
MO to each focus c % is given by Eq. (14.153). The internuclear distance from is given by Eq. 
(14.154). The length of the semiminor axis of the prolate spheroidal C-C -bond MO b = c 
5 is given by Eq. (13.62). The eccentricity, e, is given by Eq. (13.63). The solution of the 
semimajor axis a then allows for the solution of the other axes of each prolate spheroid and 
eccentricity of the C-C -bond MO. Since the C-C -bond MO comprises a H 2 -type- 
ellipsoidal MO that transitions to the C tdkam 2sp l HO of each carbon, the energy 

■ 

E{C dkane ,2sp*) in Eq, (14.512) adds to that of the if 2 -type ellipsoidal MO to give the total 
10 energy of the C-C -bond MO. From the energy equation and the relationship between the 

< ■ 

axes, the dimensions of the C-C-.bond MO are solved. Similarly, £(C^,Z$p 3 ) is added 

to the energy of the # 2 -type ellipsoidal MO of each C-# bond of the methyl and 
methylene groups to give their total energy. From the energy equation and the relationship 
between the axes, the dimensions of the equivalent C - H -bond MOs of the methyl and 
1 5 methylene groups in the alkane are solved; 

The general equations for the energy components of V e , V p , T , V m , and E T of each 

C-C-bond MO are the same as those of the CH MO except that energy of the C aSkane 2sp x 
HO is used. The energy components at each carbon atom superimpose linearly and may be 
treated independently. Since each prolate spheroidal i/ 2 -type MO transitions to the 

3 

20 C <dhxnt 2sp i HO of each corresponding carbon of the bond and the energy of the C alhane 2sp 
shell treated independently must remain constant and equal to the E(C alkane >2sp 3 ^ given by 

Eq. (14.512), the total energy E^iC-C.a) of the a component of each C-C-bondMO 
is given by the sum of the energies of the orbitals corresponding to the composition of the 
linear combination of the C aUtane 2sp 3 HO and the H 2 -type ellipsoidal MO that forms the a 
25 component of the C-C -bond MO as given by Eq. (14.502) with the electron charge 
redistribution. The total number of C-C bonds in C n H 2n+2 is Using Eqs. (13.431) 

and (14.512), E T (C-C,o-) of the n-1 bonds is given by 
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£ W {C-C,a) = { n -l)(E T +E(C e0um ,2sp 3 )) 



= («-l)| 



(0.91771)^2 



1 * 'In 



a+c 1 



2a) a-c' 



-1 



\ 



-15.56407 eV 



J 



(14.520) 



To match the boundary condition that the total energy of each H 2 -type ellipsoidal MO is 
given by Eqs. (11.212) and (13.75), {C-C,a) given by Eq. (14.520) is set equal to 
(w-1) times Eq. (13.75): 



.2 



(0.91771) 



2a) a-c* 



= («-l)(-31.63536831eF) 



^-15.56407 eV 

(14.521) 

From the energy relationship given by Eq. (14.521) and the relationship between the axes 
given by Eqs. (14.153-14.154) and (13.62-13.63), the dimensions of the C-C-bond MO can 
be solved. 



10 



Substitution of Eq. (14.153) into Eq. (14.521) gives 

2 



%7ve Q ^aa Q 



(0.91771)f 

V 2 a J a-yjaa 0 



1 



= el6.07130 



(14.522) 



The most convenient way to solve Eq. (14.522) is by the reiterative technique using a 
computer. ; The result to within the round-off error with five-significant figures is . 

a = 2.12499tf 0 = 1.12450 X 10" 10 m (14.523) 



15 Substitution ofEq. (14.523) into Eq. (14.155) gives 
c' = 1.45774o 0 = 7.71400 X 10'" m 

* 

The internuclear distance given by multiplying Eq. (14.524) by two is 

2c' = 2.91547a 0 = 1.54280 X 10' 10 m 

The experimental C-C bond distance of propane is [3] 

20 2c' = 1.532X 10 -10 m 

The experimental C-C bond distance of butane is [3] 

2c' = 1.531X10 10 m 
Substitution of Eqs. (14.523-14.524) into Eq. (13.62) gives 

6 = c = 1.54616o 0 =8.18192X 10~" m 



(14.524) 



(14.525) 



(14.526) 



(14.527) 



(14.528) 



25 Substitution of Eqs. (14.523-14.524) into Eq. (13.63) gives 
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e = 0.68600 (14.529) 

The nucleus of the C atoms comprise the foci of each # 2 -type ellipsoidal MO. The 

parameters of the point of intersection of the # 2 -type ellipsoidal MO and the C <rftoW! 2jp 3 HO 
are given by Eqs. (13.84-13.95) and (13.261-13.270). The polar intersection angle 0' is 
5 given by Eq. (13.261) where for methylene bonds r„ = r, wV = ^,,^==0.815490,, is the 

radius of the C^sp 3 shell given by Eq. (14.519). Substitution of Eqs. (14.523-14.524) 

intoEq. (13.261) gives 

0' = 56.41° (14.530) 

Then, the angle 9„ „ , Jwm the radial vector of the C2sp 3 HO makes with the intranuclear 

C-C v n am 2sp HO 



10 axis is 



Qnn , ,= 180°- 56.41° = 123.59° (14.531) 



as shown in Figure 48. 



15 Consider the right-hand intersection point. The distance from the point of intersection of the 
orbitals to the internuciear axis must be the same for both component orbitals. Thus, the 
angle cot = 0 c _c h&o between the internuciear axis and the point of intersection of the H 2 - 

type ellipsoidal MO with the C a!kgne 2sp 2 radial vector obeys the following relationship: 

= °- 81549 *o ™°c-c^»o = bs ^c-c^o (14.532) 

+ 

20 such that 

■ 

0.81549tf o sin#„ . . 0 81549a sin 123 59° 

Oc-c^mo - sin" 1 ^c-c^no = ^ 0.81549^sml23.59 (14533) 

with the use of Eq. (14.531). Substitution of Eq. (14.528) into Eq. (14.533) gives 

Oc-c+.jwo =26.06° (14.534) 

Then, the distance d c _c H mo along the internuciear axis from the origin of i/ 2 -type 
25 ellipsoidal MO to the point of intersection of the orbitals is given by 

dc-c^&o = acos9 c-c« a ,,H,MO (14.535) 

Substitution of Eqs. (14.523) and (14.534) into Eq. (14.535) gives 

dc-e^Hjio =1-9089000 = 1.01015 X lO" 10 m (14.536) 
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The distance d^ ^ m along the intemuclear axis from the origin of the C atom to the 

point of intersection of the orbitals is given by 

d , =d r _r Hun-c' (14.537) 

Substitution of Eqs. (14.524) and (14.536) into Eq. (14.537) gives 

5 d rr , . =0.45117a 0 = 2.38748* 10"" m (14.538) 



FORCE BALANCE OF THE CH 3 MOs OF CONTINUOUS-CHAIN 
ALKANES 

Each of the two CH 3 MOs must comprise three equivalent C-H bonds with each 
10 comprising 75% of a H 2 -type ellipsoidal MO and a Clsp 3 HO as given by Eq. (13.540): 

3[l C2sp 3 +0.75 H 2 MO]->CH 3 MO (14.539) 

The force balance of the C7/ 3 MO is determined by the boundary conditions that arise from 
15 the linear combination of orbitals according to Eq. (14.539) and the energy matching 
condition between the hydrogen and C2sp* HO components of the MO. 

The force constant V to determine the ellipsoidal parameter c 1 of the each if 2 -type- 
ellipsoidal-MO component of the CH 3 MO in terms of the central force of the foci is given 

by Eq. (13.59). The distance from the origin of each C-i/ -bond MO to each focus e 1 is 
20 given by Eq. (13.60). The intemuclear distance is given by Eq. (13.61). The length of the 
semiminor axis of the prolate spheroidal C-H -bond MO b = c is given by Eq. (1 3 .62). The 
eccentricity, e , is given by Eq. (13.63). The solution of the semimajor axis a then allows for 
the solution of the other axes of each prolate spheroid and eccentricity of each C-H -bond 
MO. Since each of the three prolate spheroidal C-H -bond MOs comprises an # 2 -type- 

25 ellipsoidal MO that transitions to the 

C alkane 1sp" HO of C„H 2M , the energy E(C aitun9 2sp z ) 
of Eq. (14.512) adds to that of the three corresponding if 2 -type ellipsoidal MOs to give the 
total energy of the CH 2 MO. From the energy equation and the relationship between the 

i 

axes, the dimensions of the CH 3 MO are solved. 



WO 2007/051078 



PCT/US2006/042692 



415 

The energy components of V e , V , T , and V m axe the same as those of methyl 

radical, three times those of CH corresponding to the three C - H bonds except that energy 
of the C a!lame 2sp* HO is used. Since the each prolate spheroidal tf 2 -type MO transitions to 

the C alkane 2sp 3 HO and the energy of the C Q ,.2sp 3 shell must remain constant and equal to 



5 the £(C^ w ,2sp 3 ) given by Eq. (14.512), the total energy (CH 3 ) of the CH 3 MO is 

given by the sum of the energies of the orbitals corresponding to the composition of the linear 
combination of the C aliam 2sp 3 HO and the three i/ 2 -type ellipsoidal MOs that forms the 

CH 2 MO as given by Eq. (14.539). Using Eq. (13.431) or Eq. (13.541), E T (CH,) is 



given by 



10 



Er^JCH^E^E^asp') 

3e 2 



-15.56407 eV 



(14.540) 



E T (CH 3 ) given by Eq. (14.540) is set equal to three times the energy of the if 2 -type 
ellipsoidal MO minus two times the Coulombic energy of H given by Eq. (13.542): 



E T {CH 3 ) = 



3e' 



%7I£ 0 C' 



(0.9 1 771) f 2 - J 10 ^-^7 - 1 -15.56407 eV = -67.69450 eV 



(14.541) 

15 From the energy relationship given by Eq. (14.541) and the relationship between the axes 
given by Eqs. (13.60-13.63), the dimensions of the CH 3 MO can be solved. 
Substitution of Eq. (13.60) into Eq. (14.541) gives 



3e : 



(0.91771) 



2- 



2 a 



a+ 



<2aa. 



In 



-1 



= e52. 13044 



(14.542) 



The most convenient way to solve Eq. (14.542) is by the reiterative technique using a 
20 computer. The result to within the round-off error with five-significant figures is 

a = 1 .64920o 0 = 8.72720 X 10' 11 m (14.543) 



25 



Substitution of Eq. (14.543) into Eq. (14.60) gives 

■ 

c' = 1.04856tf 0 = 5.54872JT 10"" m 
The internuclear distance given by multiplying Eq. (14.544) by two is 
2c' = 2.0971 la 0 = 1.10974 X 10 -10 m 



(14.544) 



(14.545) 
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The experimental C-H bond distance of propane is [3] 

2c' = U07*l<r" > m (14 . 546) 
Substitution of Eqs. (14.543-14.544) into Eq. (14.62) gives 

6 = c = 1.27295a 0 = 6.73616Z 10"" m (14.547) 
5 Substitution of Eqs. (14.543-14.544) into Eq. (14.63) gives 

e = 0.63580 (14.548) 
The nucleus of die H atom and the nucleus of the C atom comprise the foci of each 
H 2 -type ellipsoidal MO. The parameters of the point of intersection of the # 2 -tvpe 
ellipsoidal MO and the C diam lsp z HO are given by Eqs. (13.84-13.95) and (13.261-13.270). 
10 The polar intersection angle 6 % is given by Eq. (13.261) where r„ =r toe2 , = 0.86359^ is 

the radius of the C aUume 2sp i shell. Substitution of Eqs. (14.543-14.544) into Eq. (13.261) 
gives 

0' = 77.49° (14 . 549) 
Then, the angle 9 c _ H ^ 2tp , HO the radial vector of the C2sp 3 HO makes with the intemuclear 
15 axis is 

°c-h^ho =180^77.49° = 102.51° (14.550) 
as shown in Figure 49. 



20 The distance from the point of intersection of the orbitals to the intemuclear axis must be the 
same for both component orbitals. Thus, the angle M^Oc-h^h&o between the 
intemuclear axis and the point of intersection of the H 2 -type ellipsoidal MO with the 

» ■ 

c aihme 2s P 3 rad ial vector obeys the following relationship: ( 

r *~* ™ 9 c-h^.Who = 0-86359« 0 sm0 C H ^ 2tplHo =Asm0 c _ w- _ WjiUO (14.551) 
25 such that 

0c- w MW9 ^-^^ =sin -. 0.86359^,02,51- ^ 

with the use of Eq. (14.550). Substitution of Eq. (14.547) into Eq. (14.552) gives 

^-^^0=41.48° (14.553) 
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Then, the distance d c _ Haagm HiM0 along the internuclear axis from the origin of if 2 -type 
ellipsoidal MO to the point of intersection of the orbitals is given by 

d c-H^wo - awsOc-H^wo (14.554) 
Substitution of Eqs. (14.543) and (14.553) into Eq. (14.554) gives 

5 dc-H^wo = L23564a 0 = 6.53871 X 10" 11 m (14.555) 

The distance d Q H ^ u ^ m along the internuclear axis from the origin of the C atom to the 
point of intersection of the orbitals is given by 

Substitution of Eqs. (14.544) and (14.555) into Eq. (14.556) gives 
10 d c-iu» v*> = 0 18708a o = 9.89999 X 10"' 2 m (14.557) 



BOND ANGLE OF THE CH 3 AND CH 2 GROUPS 

Each CH 3 MO comprises a linear combination of three C-H -bond MOs. Each C-H- 
bond MO comprises the superposition of a i/ 2 -type ellipsoidal MO and the C^lsp' HO. 
15 A bond is also possible between the two H atoms of the C-H bonds. Such H - H bonding 
would decrease the C - H bond strength since electron density would be shifted from the 
C-H bonds to the H-H bond. Thus, the bond angle between the two C-H bonds is 
determined by the condition that the total energy of the H 2 -type ellipsoidal MO between the 

■ 

terminal H atoms of the C- H bonds is zero. From Eqs. (11.79) and (13.228), the distance 
20 from the origin to each focus of the H- H ellipsoidal MO is 



(14.558) 



The internuclear distance from Eq. (14.558) is 



2c' = 2^- (14.559) 



The length of the semiminor axis of the prolate spheroidal H-H MO b = c is given by Eq. 
25 (14.62). 

The bond angle of the C/f 3 groups of C n H 2ti+2 is derived by using the orbital 
composition and an energy matching factor as in the case with the CH 3 radical. Since each 
pair of H 2 -type ellipsoidal MOs initially comprise 75% of the H electron density of H 2 and 



WO 2007/051078 



PCT/US2006/042692 



418 

the energy of each # 2 -type ellipsoidal MO is matched to that of the C alkane 2sp* HO, the 
component energies and the total energy E T of the H-H bond are given by Eqs. (13.67- 
13.73) except that V e , T, and V m are corrected for the hybridization-energy-matching factor 
of 0.86359 . Hybridization with 25% electron donation to the C-C -bond gives rise to the 
C ailnne 2sp 3 HO-shell Coulombic energy E CMlomb (C alkeae ,2sp') given by Eq. (14.515). The 
corresponding normalization factor for. determining the zero of the total H-H bond energy 
is given by the ratio of 15.75493 eV y the magnitude of E^^ (C aUame ,2sp 3 ) given by Eq. 

(14.515), and 13.605804 eV , the magnitude of the Coulombic energy between the electron 

* 

and proton of H given by Eq. (1 .243). The hybridization energy factor C 



alkaneC2sp*HO 



10 



' alhmeC2sj?HO 



e 2 


e 2 




&xe 0 a 0 


e 2 

• 


e 2 




8;n? 0 0.86359a 0 



13.605804 eV 
15.75493 eV 



= 0.86359 (14.560) 



Substitution of Eq. (14.558) into Eq. (13.233) with the hybridization factor of 
0.86359 gives 



0 = 



- e 



Si 
V 2 



(0.86359) 



3 3 ft 



2 8 a 



In 



"ft 



a- 




1 



H 





0.75e 2 


2^ 





m e c 



0.75e 2 


e 2 




&7t£ 0 (a+c'f 


0.5™ 



(14.561) 

15 From the energy relationship given by Eq. (14.561) and the relationship between the axes 
given by Eqs. (14.558-14.559) and (14.62-14.63), the dimensions of the ti-H MO can be 
solved. 

* * 

The most convenient way to solve Eq. (14.561) is by the reiterative technique using a 
computer. The result to within the round-off error with five-significant figures is 



20 a = 5.8660o 0 = 3.1 042 X 1 0" to m 

Substitution of Eq. (14.562) into Eq. (14.558) gives 
c' = 1.7126a„ =9.0627 X 10"" m 



(14.562) 



(14.563) 
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The internuclear distance given by multiplying Eq. (1 4.563) by two is 

2c' = 3.4252o 0 =1.8125 X lO -10 m (14.564) 

Substitution of Eqs. (14.562-14.563) into Eq. (14.62) gives 

b = c = 5.6104a 0 = 2.9689 AT 10" 10 m (14.565) 

5 Substitution of Eqs. (14.562-14.563) into Eq. (14.63) gives 

e = 0.2920 (14.566) 
Using 2c % H _ H (Eq. (14.564)), the distance between the two H atoms when the total 

energy of the corresponding MO is zero (Eq. (14.561)), and 2c % c _ H , the internuclear distance 

of each C-H bond, the corresponding bond angle can be determined from the law of 
10 cosines. Since the internuclear distance of each C-H bond of CH 3 (Eq. (14.545)) and 

* 

CH 2 (Eq. (14.597)) are sufficiently equivalent, the bond angle determined with either is 

within experimental error of being the same. Using, Eqs. (13.242), (14.545), and (14.564), 
the bond angle 6 between the C - H bonds is 



6 = cos 1 



^2(2.0971l) 2 -(3.4252) 2> 



= cos" 1 (~ 0.33383) = 109.50° (14.567) 



2(2.09711) 

15 The experimental angle between the C-H bonds is [19] 

■ ■ « 

0 = 109.3° (14.568) 

The CH 3 radical has a pyramidal structure with the carbon atom along the z-axis at 

■ 

the apex and the hydrogen atoms at the base in the xy-plane. The distance d ortgtn _ H from the 

origin to the nucleus of a hydrogen atom given by Eqs. (14.564) and (13.412) is 

20 <W-«=l-97754a 0 (14.569) 

■i 

The height along the z-axis of the pyramid from the origin to C nucleus d, algllt given by Eqs. 
(13.414), (14.545), and (14.569) is 

<W, = 0.69800a 0 (14.570) 

The angle 0 V of each C-H bond from the z-axis given by Eqs. (13.416), (14.569), and 
25 (14.570) is 

0, =70.56° (14.571) 
The C - C bond is along the z-axis. Thus, the bond angle between the internuclear 

axis of the C-C bond and a H atom of the methyl groups is given by 

Oc-c-h =18O-0 V (14.572) 
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Substitution of Eq. (14.571) into Eq. (14.572) gives 

6 c-c-h =109.44° (14.573) 
The experimental angle between the C - C - H bonds is [1 9] 

0 c -c-ff = 1() 9.3 0 (14.574) 

5 The C n H 2n+2 MOs shown in Figures 50-60 were rendered using these parameters. A 
minimum energy is obtained with a staggered configuration consistent with observations [3]. 



ENERGIES OF THE CH, GROUPS 

The energies of each CH 3 group of C n H 2tH , 2 are given by the substitution of the 
10 semiprincipal axes,(Eqs. (14.543-14.544) and (14.547)) into the energy equations of methyl 
radical (Eqs. (13.556-13.560)), with the exception that E^^Tsp*) (Eq. (14.514)) 

replaces E(C,2sp 3 ) in Eq. (13.560): 



V =3(0.91771) =^ . ta g±*gEE. = _ 107 .32728 eV (14.575) 

' K } Zne Q 4^-^ a-yja 2 -b 2 

v = 3c = 38.92728 eV (14.576) 

8^ 0 Va 2 -b 2 



15 r = 3(0.9177l) ^L = ln^^X = 32.53914 eV (14.577) 



V =3(0.91771) ljL=ln^^^ = -16.26957 eV (14.578) 



3e< 



\ 

(0.91771) 



^_IaV^-i 



2a a-c 



v -l 5.56407 , 



= -€7.69451 (14.579) 



where £^ (C/7 3 ) is given by Eq. (14.540) which is reiteratively matched to Eq. (13.542) 
within five-significant-figure round off error. 

20 

VIBRATION OF THE n CH 3 GROUPS 

The vibrational energy levels of the C-H bonds of CH 3 in C„H 2 „ 2 may be solved as three 

equivalent coupled harmonic oscillators by developing the Lagrangian, the differential 
equation of motion, and the eigenvalue solutions [9] wherein the spring constants are derived 
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from the central forces as given in the Vibration of Hydrogen-Type Molecular Ions section 
and the Vibration of Hydrogen-Type Molecules section. 



THE DOPPLER ENERGY TERMS OF THE n CH 3 GROUPS 
5 The equations of the radiation reaction force of the methyl groups in C n H 2n+2 are the same as 

those of the methyl radical with the substitution of the methyl-group parameters. Using Eq. 
(13.561), the angular frequency of the reentrant oscillation in the transition state is 



0J5e 2 



4ae n b 



3 



*— = 2.49286 X 10 16 radls (14.580) 



where b is given by Eq. (14.547). The kinetic energy, E K , is given by Planck's equation 
10 (Eq.(11.127)): 

E K = hoy = 7*2.49286 X 10 16 rad/s = 16.40846 eV (14.581) 
In Eq. (11.181), substitution of E T (H 2 ) (Eqs. (11.212) and (13.75)), the maximum total 
energy of each H 2 -type MO, for , the mass of the electron, m e , for M , and the kinetic 
energy given by Eq. (14.581) for E x gives the Doppler energy of the electrons of each of the 
15 three bonds for the reentrant orbit: 

M D „ £ E -M.63537 .v M*"? tn . _o.25352 eV 04.582) 
V Mc y m e c 

In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. The decrease in the energy of CH 3 due to 

the reentrant orbit of each bond in the transition state corresponding to simple harmonic 
20 oscillation of the electrons and nuclei, E OJC , is given by the sum of the corresponding 

energies, E D given by Eq. (14.582) and E Kvibi the average kinetic energy of vibration which 
is 1/2 of the vibrational energy of each C-H bond. Using <o e given by Eq. (13.458) for 
E Kvib of the transition state having three independent bonds, E^^ 05C ( n CH 3 ) per bond is 

25 E' olbmcm ( 12 CH 3 ) = -025352 eV +-($35532 eV) = -0.075Z6eV (14.584) 
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Given that the vibration and reentrant oscillation is for three C-H bonds, 



Ealkane osc ( l2 CH 3 J , is: 



Balkan* osc ( ^CH^ ) - 3 



= 3^-0.25352 eF+^ (0.35532 eF) 



= -0.22757 



(14.585) 



5 TOTAL BOND ENERGIES OF THE 12 Cff, GROUPS 



( n CHi ) , the total energy of each n CH 3 group including the Doppler term, i: 



aUamT+osc \ »-* '3 j > *" w vuwigjr m c«>ui l/^ 3 gruup lnuuauig ine uoppier xerm, is given 

1 

by the sum of E T ^ (CH 3 ) (Eq. (14.579)) and ^CH,) given by Eq. (14.585): 

■ 



= E T« m .(CH 3 )+E aUmosc (»CH 3 ) 



(14.586) 



10 



E 



alkmteT+osc 



( n CH 3 ) = 



r 



(0.91771) 



0 In 1 " 
2 o J a-c y 


['I 


I 3 


|4 4^ <) A 3 





-15.56407 eF 



-3 (31.63536831 eV)\ — ! ^ Ift fE 

. I 1 ^ 2 V/"J 



= -67.69450 eV- 3 



0.25352 eF--ft — 



2 V M 



J 



(14.587) 

From Eqs. (14.585-14.587), the total energy of each l2 CH 3 is 



3*«r4«. ( ' 2 ^3 ) = -67.69450 eV+E t 



alhane osc 



{ U CH 3 ) 



= -67.69450 eF -3 



= -67.92207 eF 



0.25352 eV - -(0.35532 eF) 



where co e given by Eq. (13.458) was used for the hj— term. 



(14.588) 
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The total CH 3 bond dissociation energy, E DMm ( 12 C/f 3 ) is given by the sum of the 
initial C2sp 3 HO energy, E(c,2sp 3 ) (Eq. (14.146)), and three times the energy of the 
hydrogen atom, E D (H) (Eq. (13.154)), minus E Ma)eT+ose ( n CH 3 ) (Eq. (14.588)): 

E D ^( 12 CH 3 ) = E(casp 3 )+3E{H)-E Mmer+ose ( l2 CH 3 ) (14.589) 
5 Thus, the total n CH 3 bond dissociation energy, £ fl ^( 12 C/7 3 ) is 

^( n C^ 3 ) = -(l4.63489eF+3(l3.59844^))-(^ ner+at0 ( 12 C^ 2 )) 

= -55.43021 eF-(-67.92207eF) . (14.590) 

= 12.49186 eV 

FORCE BALANCE OF THE CH 2 MOs OF CONTINUOUS-CHAIN 
ALKANES 

10 Each of the CH 2 MOs must comprise two equivalent C-H bonds with each comprising 
75% of a /T 2 -type ellipsoidal MO and a C2sp 3 HO as given by Eq. (13.494): 

2[l C2sp y +0.75H 2 MO]->CH 2 MO (14.591) 

15 The force balance of each CH 2 MO is determined by the boundary conditions that arise from 
the linear combination of orbitals according to Eq. (14.591) and the energy matching 
condition between the hydrogen and C2sp 3 HO components of the MO. 

The force constant k* to determine the ellipsoidal parameter c % of the each # 2 -type- 
ellipsoidal-MO component of the CH 2 MO in terms of the central force of the foci is given 

20 by Eq. (13.59). The distance from the origin of each C-H -bond MO to each focus c 1 is 
given by Eq. (13.60). The internuclear distance is given by Eq. (13.61). The length of the 
semiminor axis of the prolate spheroidal C-H -bond MO b = c is given by Eq. (13.62). The 
eccentricity, e , is given by Eq. (13.63). The solution of the semimajor axis a then allows for 
the solution of the other axes of each prolate spheroid and eccentricity of each C-H -bond 

25 MO. Since each of the two prolate spheroidal C-H -bond MOs comprises an # 2 -type- 
ellipsoidal MO that transitions to the C^lsp* HO of C n H 2n+2 , the energy E(C alkme ,2sp*) 
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of Eq. (14.512) adds to that of the two corresponding if 2 -type ellipsoidal MOs to give the 
total energy of the CH 2 MO. From the energy equation and the relationship between the 
axes, the dimensions of the CH 2 MO are solved. 

The energy components of V e , V p9 T , and V m are the same as those of dihydrogen 
5 carbide radical, two times those of CH corresponding to the two C - H bonds except that 
energy of the C alkate 2sp 3 HO is used. Since the each prolate spheroidal H 2 -type MO 

transitions to the C aBbam 2sp 3 HO and the energy of the C a{kane 2sp* shell treated independently 
must remain constant and equal to the E(C alkane9 2sp 3 ) given by Eq. (14.512), the total energy 
E Te&M {CH 2 ) of the CH 2 MO is given by the sum of the energies of the orbitals 

» * 
* * r 

10 corresponding to the composition of the linear combination of the C <dkant 2sp 3 HO and the two 

# 2 "type ellipsoidal MOs that forms the CH 2 MO as given by Eq. (14.591). Using Eq. 

« 

(13.431) or Eq. (13.495), E T (CH 2 ) is given by 



Er^{CH 2 ) = E r+ E(C altane ,2sp 3 ) 



2e : 



%ne 0 c ' 



(0.9177l)f 2- 



1 a*\ 



\ 2 a 



J 



ln^-1 



-15.56407 eV 



(14.592) 



E r (CH 2 ) given by Eq. (14.592) is set equal to two times the energy of the if 2 -type 
15 ellipsoidal MO minus the Coulombic energy of H given by Eq. (13.496): 



E T {CH 2 ) = - 



2e' 



1 a, 



(0.91771)[ 2---^. 

2 Q j 



In 



a+c' 
a-c' 



-1 



-15.56407 eV = -49.66493 eV 



20 



(14.593) 

From the energy relationship given by Eq. (14.593) and the relationship between the axes 
given by Eqs. (13.60-13.63), the dimensions of the CH 2 MO can be solved. 

Substitution of Eq. (13.60) into Eq. (14.593) gives 



2e- 



(0.91771) 



( 1 aA 
I 2 



a + 



2aa 0 



-l 



= e34. 10086 



(14.594) 



The most convenient way to solve Eq. (14.594) is by the reiterative technique using a 
computer. The result to within the round-off error with five-significant figures is 



a = 1.67122o 0 = 8.84370 X 10"" m 



(14.595) 
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Substitution of Eq. (14.595) into Eq. (14.60) gives 

c' = 1.05553a 0 = 5.58563 X 10 _n m (14.596) 

The intemuclear distance given by multiplying Eq. (14.596) by two is 

2c' = 2.11106tf 0 =1.11713 X 10-'° m (14.597) 

5 The experimental C-H bond distance of butane is [3] 

2c' = l.U7JriO- ,0 m (14.598) 
Substitution of Eqs. (14.595-14.596) into Eq. (14.62) gives 

b = c = 1.29569a 0 =6.85652 X 10 _ " m (14.599) 

Substitution of Eqs. (14.595-14.596) into Eq. (14.63) gives 
10 e = 0.63159 (14.600) 

The nucleus of the H atom and the nucleus of the C atom comprise the foci of each 

# 2 -type ellipsoidal MO. The parameters of the point of intersection of the H 2 -type 

ellipsoidal MO and the C^Jlsp* HO are given by Eqs. (13.84-13.95) and (13.261-13.270). 

The polar intersection angle 0' is given by Eq. (13.261) where r n = r melhy1em2sp , = 0.81549a 0 is 
15 the radius of the C„ ellvkm 2sp 3 shell (Eq. (14.521)). Substitution of Eqs. (14.595-14.596) into 

Eq. (13.261) gives 

0' = 68.47° (14.601) 
Then, the angle 9 , „ the radial vector of the C2sp 3 HO makes with the intemuclear 

axis is 

20 9 3 =180°-68.47 o = 111.53° (14.602) 



as shown in Figure 49. The distance from the point of intersection of the orbitals to the 
intemuclear axis must be the same for both component orbitals. Thus, the angle 
dtf = 6U u between the intemuclear axis and the point of intersection of the H 2 -type 

ellipsoidal MO with the C alkam 2sp 3 radial vector obeys the following relationship: 
25 ™ e c- H ^W«o = °- 81549 *o ™°c-^W«o = b ™ 9 c- H ^.wo (14-603) 

such that 

- ,„ .a.-."'***^*-. sin - O.S154Hsmnl.53° 

with the useof Eq. (14.602). Substitution of Eq. (14.599) into Eq. (14.604) gives 

W.." 2 m, =35.84° (14.605) 
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Then, the distance d^^^Q along the internuclear axis from the origin of JJ 2 -type 
ellipsoidal MO to the point of intersection of the orbitals is given by 

dc-H^H&o = a ™ s0 c-H aBaw M 1 Mo (14.606) 
Substitution of Eqs. (14.595) and (14.605) into Eq. (14.606) gives 
5 Jc-h^h&o = 135486tf 0 = 7.16963 X 10" n m (14.607) 

The distance d Q H 2s ^ m along the internuclear axis from the origin of the C atom to the 
point of intersection of the orbitals is given by 

(14.608) 

Substitution of Eqs. (14.596) and (14.605) into Eq. (14.608) gives 
10 ^ fl ^2^o ==a29933a o= 1 - 58400 ^ 10 " 11 m ' (14.609) 



The charge-density in each C - C -bond MO is increased by a factor of 0.25 with the 
formation of the C afibw 25p 3 HOs each having a smaller radius. Using the orbital composition 
of the C-C-bond MOs (Eq. (14.504), CH 3 groups (Eq. (14.539)), and the CH 2 groups (Eq. 
(14.591)), the radii of Cls = 0.171 i3a 0 (Eq. (10.51)), C^ w 2sp 3 =0.86359a 0 (Eq. (14.514)), 
15 and C alkane 2sp 3 =C metfv!ene 2sp> =0.81549a 0 (Eq. (14.521)) shells, the parameters of the 

C-C-bonds (Eqs. (13.3-13.4), (14.523-14.525), and (14.528-14.538)), the parameters of the 
C-tf-bond MOs of the CH 3 groups (Eqs. (13.3-13.4), (14.544-14.545), and (14.547- 

14.557)), the parameters of the C-ff-bond MOs of the CH 2 groups (Eqs. (13.3-13.4), 
(14.595-14.597), and (14.599-14.609)), and the bond-angle parameters (Eqs. (14.562- 
20 14.574)), the charge-density of the C n H 2n ^ 2 MO comprising the linear combination 2« + 2 

C-#-bond MOs and n-l C-C-bond MOs, each bridging one or more methyl or 
methylene groups is shown for representative cases where data was available [17-18]. 
Propane, butane, pentane, hexane, heptane, octane, nonane, decane, undecane, dodecane, and 
octadecane are shown in Figures 50-60, respectively. Each C-H -bond MO comprises a 
25 /f 2 -type ellipsoidal MO and a C alJtane 2sp 3 HO having the dimensional diagram shown in 
Figure 48. Each C-C-bond MO comprises a # 2 -type ellipsoidal MO bridging two 
C alkane 2sp 3 HOs having the dimensional diagram shown in Figure 49. 
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ENERGIES OF THE CH 2 GROUPS 

The energies of each CH 2 group of C n H Zn + 2 are given by the substitution of the 
semiprincipal axes (Eqs. (14.595-14.596) and (14.599)) into the energy equations of 
dihydrogen carbide radical (Eqs. (13.510-13.514)), with the exception that E(C alhme ,2sp 3 ) 

5 (Eq. (14.512)) replaces E(C,2sp 3 ) in Eq. (13.514): 



V e =2(0.91771) 2e^ to aW22 = _ 70 .41425 eV (14.610) 

V= % = = 25.78002 eV (14.611) 

Usja 2 -b 2 

* 

T = 2 (0.9 1 771) % -In a ^f~ hl = 21 .06675 eV (14.6 12) 

2m c aja 2 -b 2 a-Ja 2 -b 2 

V m = 2(0.91771) -ft 2 in ^^L = -10.53337 eV (14.613) 

4mWfl 2 -6 J a-yja 2 -b 2 



10 B- (CH 2 )= 2 ' 2 



(0.9177l)f2--^ln^i4-l 1-15.56407 eV = -49.66493 
v 2 a J a-c' J 



(14.614) 

where 2? T (CJ/ 2 ) is given by Eq. (14.592) which is reiteratively matched to Eq. (13.496) 
within fiv^significant-figure round off error. 



15 VIBRATION OF THE n CH 2 GROUPS 

The vibrational energy levels of the C-H bonds of CH 2 in C n H 2n+2 may be solved as two 

equivalent coupled harmonic oscillators by developing the Lagrangian, the differential 
equation of motion, and the eigenvalue solutions [9] wherein the spring constants are derived 
from the central forces as given in the Vibration of Hydrogen-Type Molecular Ions section 
20 and the Vibration of Hydrogen-Type Molecules section. 



THE DOPPLER ENERGY TERMS OF THE n CH 2 GROUPS 

The equations of the radiation reaction force of the methylene groups in C n H 2n+2 are the 
same as those of the dihydrogen carbide radical with the substitution of the methylene-group 
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parameters. Using Eq. (13.515), the angular frequency of the reentrant oscillation in the 
transition state is 



0.75e : 



a- 



=2 42751 x 1Ql6 rad f s 



(14.615) 



where b is given by Eq. (14.599). The kinetic energy, E K , is given by Planck's equation 
5 (Eq. (11.127)): 

E K = tko = H2A2751 X 1Q IS rad/s = 15.97831 eV (14.616) 
In Eq. (11.181), substitution of E T (H 2 ) (Eqs. (11.212) and (13.75)), the maximum total 
energy of each # 2 -type MO, for E^, the mass of the electron, m e , for M, and the kinetic 

i ■ ... 

energy given by Eq. (14.616) for E K gives the Doppler energy of the electrons of each of the 
1 0 three bonds for the reentrant orbit: 



E D= E hv 



=» =-31.63537 eV IH^meV) 



- -0.25017 eV 



m e c 



(14.617) 



In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. The decrease in the energy of CH 2 due to 
the reentrant orbit of each bond in the transition state corresponding to simple harmonic 
15 oscillation of the electrons and nuclei, 2? OTC> is given by the sum of the corresponding 

energies, E D given by Eq. (14.617) and E Kvtb9 the average kinetic energy of vibration which 
is 1/2 of the vibrational energy of each C-H bond Using a> e given by Eq. (13.458) for 
E KvA of me transition state having two independent bonds, E'^^^^CHA per bond is 



20 



E ( n CH 2 ) = E D + E Kvli =E D +Ufc 

E' alhm , ox { n CH 2 ) = -0.25017 +1(0.35532 eV) = -0.07251 eV 



(14.618) 



(14.619) 



Given that the vibration and reentrant oscillation is for two C-H bonds, E alkam ^ ( n CH 2 ) , 



is: 



V V I" J 



= 2 



1 



-0.25017 eF+-(0.35532 eV) 



= -0.14502 eV 
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(14.620) 



TOTAL BOND ENERGIES OF THE t2 CH 2 GROUPS 

■Eo/feroer+OTc ( l2 CH 2 ) , the total energy of each n CH 2 group including the Doppler term, is given 
5 bythesumof E r ^{CH 2 ) (Eq. (14.614)) and 9se ( 12 CH 2 ) given by Eq. (14.620): 



alkane osc 



= (CH 2 ) + E alkam ox ( l2 CH 2 ) 



(14.621) 



U -2e 2 
^8?cs: 0 c' 



E 



alkaneT+osc 



[ n CH 2 ) = 



(0.91771)| 2 --^-\]n^t£-l -15.56407 eV\ 
v \ 2 a ) a-c' J ) 



2 a J a-c' 




3 e 2 


2h^ 


4 4^ 0 6 3 





2fi\ 2— p. 

-2 (31.63536831 eV)\— " ^ -ftj- 



= -49.66493 eF-2 



' 1 fP 

0.25017 --ft - 



2 



(14.622) 

From Eqs. (14.620-14.622), the total energy of each U CH 2 is 

( ,2 C# 2 ) = -49.66493 eV + E aUcmc MC ( a CH 2 ) 



10 



= -49.66493 eV -2^0.25017 eK-|(0.35532 eF)^ (14.623) 




= ^19.80996 eV 



where tf> e given by Eq. (13.458) was used for the ft I— term. 



The derivation of the total CH 2 bond dissociation energy, g n>|i ( B CffJ follows 

from that of the bond dissociation energy of dihydrogen carbide radical, E D ( l2 CH 2 ) , given 

by Eqs. (13.524-13.527). E Dc ^ ( 12 CH 2 ) is given by the sum of the initial C2sp 3 HO energy, 

15 E(C,2sp 3 ) (Eq. (14.146)), and two times the energy of the hydrogen atom, E[H) (Eq. 

(13.154)), minus the sum of E aUto , eT+ osc( l2 CH 2 ) (Eq. (14.623)) and E(magnetic) (Eq. 
13.524)): 
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E *U- { n CH 2 ) = E(C, 2sp 3 ) + 2E(H) - ( 12 CH 2 )-E (magnetic) (1 4.624) 

Thus, the total 12 CH 2 bond dissociation energy, E DMm ( n CH 2 ) is 

E Ddbm ( ,2 Ctf 2 ) = -(l4.63489 ^+2(13.59844 eV))-(E albmT+ote (' 2 CH 2 ) + E (magnetic)) 

= -41.83177 eF-(-49.80996 eF + 0.14803 eV) 
= 7.83016 eV 

(14.625) 



SUM OF THE ENERGIES OF THE C-C a MOs AND THE HOs OF 
CONTINUOUS-CHAIN ALKANES 

The energy components of V e , V p9 T 9 V m ^ and E T of the C~C-bond MOs are the same as 

those of the CH MO except that energy, of the C aUme 2sp 3 HO is used. The energies of each 

10 C-C-bond MO are given by the substitution of the semiprincipal axes (Eqs. (14.523- 
14.524) and (14.528)) into the energy equations of the CH MO (Eqs. (13.449-13.453)), with 

the exception that £(C oibne ,2.sp 3 ) (Eq. (14.512)) replaces E(c,2sp 3 ) inEq. (13.453). The 

total number of C-C bonds of C„H 2ir¥2 is n-\. Thus, the energies of the »-l bonds is 
given by 



15 



V e = (»-l)(0.9177l) 5^ \n a + ^^-JL =-(»-l)28 .79214 eV (14.626) 

%7ie a sa 2 -b 2 a-sa 2 -b 2 

y.= ("- l ) e = („_ 1)9.33352 eV (14.627) 



toed a 2 -b 2 



7" = («-l)(0.9177l) 7 in^jLzL = («-l)6.77464 (14.628) 

2m t a4a 2 -b 2 a-yja 2 -b 2 



V m = («-l)(0.9177l) f ' In^^LiL = -(n- 1)3.38732 eF (14.629) 

4m t a^a -b a-y]a -b 



8?re 0 c 



20 



2- -15.56407 eV 

\ 2a) a-c' 

= -(n-l)31.63537eK 

(14.630) 

where E T (C-C, a) is the total energy of the C-C a MOs given by Eq. (14.520) which 
is reiteratively matched to Eq. (13.75) within five-significant-figure round off error. 
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Since there are two carbon atoms per bond, the number of C - C bonds is n - 1 , and 
the energy change of each C2sp 3 shell due to the decrease in radius with the formation of 
each C-C-bond MO is E r ^(c -C,2sp>) (Eq. (14.517)), the total energy of the C-C- 
bond MOs, E T ^{C-C), is given by the sum of 2{n-\)E T ^ (C-C,2sp 3 ) and 
5 E t^ (C-C,<r), the a MO contribution given by Eq. (14.630): 



(C-C) = 



f 2 (-0.929 18 eV) 



= («-!) 



(0.9177l)f2-!-^|hif^ 
" 2 a) a-yf, 



1,-15.56407 eV 

= (m-1)(2(-0.92918 eV)+ (-3 1.63537 eV)) 
= -(n-l)33.49373eF 



TV 



1 



J J 



(14.631) 



VIBRATION OF CONTINUOUS-CHAIN ALKANES 

The vibrational energy levels of the C-C bonds of C n H 2n+2 may be solved as »-l sets of 
10 coupled carbon harmonic oscillators wherein each carbon is further coupled to two or three 
equivalent H harmonic oscillators by developing the Lagrangian, the differential equation of 
motion, and the eigenvalue solutions [9] wherein the spring constants are derived from the 
central forces as given in the Vibration of Hydrogen-Type Molecular Ions section and the 

* 

Vibration of Hydrogen-Type Molecules section. 

15 

THE DOPPLER ENERGY TERMS OF THE C-C-BOND MOs OF 
CONTINUOUS-CHAIN ALKANES 

The equations of the radiation reaction force of each symmetrical C-C -bond MO are given 
by Eqs. (11.231-11.233), except the force-constant factor is 0.5 based on the force constant 
20 k % of Eq. (14.152), and the C-C-bond MO parameters are used. The angular frequency of 
the reentrant oscillation in the transition state is 



co- 



0.5e 2 



= 9.43699X10 15 radls 



(14.632) 
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where a is given by Eq. (14.523). The kinetic energy, E K , is given by Planck's equation 
(Eq. (11.127)): 

E K =ha> = h9A3699X 10 15 rad /s = 6.21 159 eV (14.633) 
In Eq. (11.181), substitution of E T ^ (C-C) (Eq. (14.631)) with n = 2 for E, w , the mass of 
5 the electron, m e , for M, and the kinetic energy given by Eq. (14.633) for E K gives the 
Doppler energy of the electrons of each of the bonds for the reentrant orbit: 

Ed s 2^ JE = -33.49373 ^ J^^f ^ = -0-16515 eV (14.634) 

In addition to the electrons, the nuclei also undergo simple harmonic oscillation in the 
transition state at their corresponding frequency. The decrease in the energy of each C-C- 

10 bond MO due to the reentrant orbit of the bond in the transition state corresponding to simple 
harmonic oscillation of the electrons and nuclei, E„ e , is given by the sum of the 
corresponding energies, E D given by Eq. (14.634) and E atb> the average kinetic energy of 
vibration which is 1/2 of the vibrational energy of each C-C bond. Using the ethane 
experimental C-C E vlt (o 3 ) of 993 cot -1 (0.12312 eV) [10] for E Kvib of the transition state 

1 5 having n - 1 independent bonds, E ^{C-Ca) per bond is \ 

E'a l *< m . ia c(C-C,<7) = E D + E Kyib =E D +UiVL (14.635) 

E' aUa ^ oa (C-C,a) = -OA6515eV+UoA23l2eV) = -OA0359eV (14.636) 

Given that the vibration and reentrant oscillation is for n - 1 C-C bonds, E aaam ^{C-C.a), 
is: 



E 

aikam osc 



(C-C,<t) = (»-1)^ 0 +I^ 



20 =(«-l)^-0.16515 eF+|(0.12312 eV)] 

= -(n-l)0.10359eK 



(14.637) 
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TOTAL ENERGIES OF THE C-C-BOND MOs OF CONTINUOUS-CHAIN 
ALKANES 

E aika>«T+osc (C " C) , the total energy of the n - 1 bonds of the C - C -bond MOs including the 

Doppler term, is given by the sum of i^(C-C) (Eq. (14.631)) and E alkan9QSC {C~C,a) 
5 given by Eq. (14.637): 



+ £ orto M .a«( c " cr »cr) 



(„-l)f^^ 
, l +2 ^( C - C ' 2 ^ 3 ) 

= ^( C - C ) + ^o.(C-C,a) 



(14.638) 



r/ 2 



EalhmT+asc (C- C) = (tf- 1)« 



(0.9177l)f 2-i-^lln^±£!-i 



^ 2 a 

r 15.56407 eF+2^ (C-C,2^ 3 ) 





ll e 2 




f 2 4^ a a 3 




™ e e 2 J 




(14.639) 



-(»-!) 



Z' r— \ 

-33.49373 «F-0.16515eK+ifi - 



2 V*J 



From Eqs. (14.637-14.639), the total energy of the n - 1 bonds of the C - C -bond MOs is 
( C " C ) = (""OH 1-63537 *F + 2^ (CC^))^ ore (C-C,<r) 



10 



= («-!) 



-31.63537 eF+2(-0.92918 ef^ 

-0.16515 eK+-(0.12312 eV) 

2 



= -(« -.1)33.59732 eV 



(14.640) 



where the experimental E vlb was used for the hj— term. 
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TOTAL BOND ENERGY OF THE C-C BONDS OF CONTINUOUS- 
CHAIN ALKANES 

Since there are two carbon atoms per bond and the number of C-C bonds is n - 1 , the total 
bond energy of the C-C bonds of C n H 2n+2 , E^C-C)^, is given by 2(n-l)E(C,2sp 3 ) 

5 minus E^^C-C) (Eq. (14.640)) where E^lsp 1 ) (Eq. (14.146)) is the initial 

energy of each Clsp 3 HO of the CH } and CH 2 groups that bond to the C-C bonds. Thus, 
the total dissociation energy of the C-C bonds of C n H 2n+2 , is 

E D {C-C)^^2{n-\)(E{casp i ))-{E aahuT ^i.C-C)) 

= 2(«-l)(-14.63489 eF)-(w-l) (-33.59732 eV) (14.641) 
= (n-l)(2 (-14.63489 eK)-(-33.59732 eV)) 
= («- 0(4.32754 eV) 



10 TOTAL ENERGY OF CONTINUOUS-CHAIN ALKANES 

E D (C n H 2tt + 2 ), the total bond dissociation energy of C„H lri + 2 , is given as the sum of the 

energy components due to the two methyl groups, ri-2 methylene groups, and w-1 C-C 
bonds where each energy component is given by Eqs. (14.590), (14.625), and (14.641), 
respectively. Thus, the total bond dissociation energy of C n H 2nJt2 is 

15 MC^™)-VC-C^ (14.642) 

= («-!) (4.32754 eV)+ 2 (12.49186 eF)+0*-2)(7.83016 eV) 

The experimental total bond dissociation energy of C n H 2n+2 , E D ^ (C„H 2n+2 ), is given 
by the negative difference between the enthalpy of its formation ( AH f (C n H 2n + 2 (gas)) ) and 
the sum of the enthalpy of the formation of the reactant gaseous carbons ( AH f (C(gas))) 
and hydrogen ( AH f (H(gas))) atoms: 
E Dm {C n H 2 „ 2 ) = -{w f {C„H 2l » 2 {gas))^ 

20 

= -{Atf / (C„/f 2 „ +2 (gos))-[w7.42774 eV + (2n+ 2) 2.259353 eV]} 
(14.643) 

where the heats of formation atomic carbon and hydrogen gas are given by [17-18] 

AH f (C(gas)) = 716.68 kJImole (7.42774 eV I molecule) (14.644) 

AH, (H(gas)) = 217.998 U I mole (2.259353 eV I molecule) (14.645) 



WO 2007/051078 PCT/US2006/042692 

435 

Using the corresponding experimental AH f (C„H 2n+2 (gas)) [18], E D (C n H 2n+2 ) 

was determined from propane, butane, pentane, hexane, heptane, octane, nonane, decane, 
undecane, dodecane, and octadecane in the corresponding sections, and the results of the 
determination of the total energies are given in Table 14.1. The calculated results are based 
5 on first principles and given in closed-form, exact equations containing fundamental 
constants only. The agreement between the experimental and calculated results is excellent. 
Using the results for C n H 2n + 2 and the functional groups as basis sets that are linearly 

combined, the exact solution for the dimensional parameters, charge density functions, and 
energies of all molecules can be obtained. For example, one or more of the hydrogen atoms 
10 of the solution for C n H 2nAp2 can be substituted with one or more of the previously solved 
functional groups or derivative functional groups to give a desired molecule. The solution is 
given by energy matching each group to C n H 2n+2 . Substitution of one or more H 's of 

C n H 2n+2 with functional groups from the list of CH 3 , other C n H 2n + 2 groups, H 2 C = CH 2 , 
HC=CH, F, CI, O, OH, NH , NH 2 , CN , NO, N0 2 , CO, C0 2 , and C 6 H 6 give the 

15 solutions of branched alkanes, alkenes, and alkynes, alkyl halides, ethers, alcohols, amides, 
amines, nitriles, alkyl nitrosos, alkyl nitrates, aldehydes, ketones, carbolylic acids, esters, and 
substituted aromatics. 

PROPANE (C 3 ff 8 ) 

20 Using Eq. (14.642) with n - 3 , the total bond dissociation energy of C 3 H g is 

i * 

E D (C 3 H S ) = E D (C-C) 2 +2E D ^ (»CH 3 )+E D ^ ( n CH 2 ) 

= (2)(4.32754eK)+(2)(l2.49186eF)+(l)(7.83016eF) (14.646) 
= 41.46896 eV 

Using Eq. (14.643), the experimental total bond dissociation energy of C 3 H S , E D (C 3 H S ), 

given by the negative difference between the enthalpy of its formation 
( AH f (C Z H Z (gas) = -1.0758 eV) ) [18] and the sum of the enthalpy of the formation of the 

25 gaseous carbons ( AH f (C (gas)) ) and hydrogen ( AH f (H (gas))) atoms is 

E Dar (C 3 H S ) = -{AH> (C 3 H, (gas))-[3AH f (C( 8 as))+SAH f (H(gasj)]} 

= -{-1.0758 eF- [(3) 7.42774 eK+(8)2.259353 ef]} (14.647) 
= 41.434 eV 

> 
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The charge-density of the C 3 /f 8 molecular orbital (MO) comprising a linear combination of 
two methyl groups and one methylene group is shown in Figure 50. 

BUTANE (C 4 # 10 ) 

5 Using Eq. (14.642) with n = 4 , the total bond dissociation energy of C 4 H l0 is 

E D (CA) = E D (C-C\ + 2E D ^ ( i2 CH 3 )+2E D ^("CH 2 ) 

= (3)(4.32754eF)+(2)(12.49186eF)+(2)(7.83016eK) (14.648) 
= 53.62666 eV 

Using Eq. (14.643), the experimental total bond dissociation energy of C A H l0 , E D (C 4 H l0 ) , 

given by the negative difference between the enthalpy of its formation 
(Mf f (C 4 /f 10 (gas) =-1.3028 eV)) [18] and the sum of the enthalpy of the formation of the 

10 gaseous carbons (AH f (C(gas))) and hydrogen ( Atf, (ff (gas))) atoms is 

■ E Dar (C<H i0 ) = -{AH, (C A H m (gas))-[4AH f (C (gas)) +10 AH, (H{gas))]} 

= -{-1.3028 eF-[(4)7.42774 eV+ (10)2.259353 eV]} 
= 53.61 eV 

(14.649) 

The charge-density of the C 4 H 10 molecular orbital (MO) comprising a linear combination of 

* 

two methyl and two methylene groups is shown in Figure 51. 

15 

PENTANE (C s H l2 ) . 

Using Eq. (14.642) with n = 5 , the total bond dissociation energy of C 5 H 12 is 

E D (C s H n ) = E D (C-C) t + 2E D ^( l2 CH 3 ) + 3E D ^ ( 12 Cif 2 ) 

= (4)(4.32754 eF)+(2)(l2.49186 <?F)+(3)(7.83016 eV) (14.650) 
= 65.78436 eV 

Using Eq. (14.643), the experimental total bond dissociation energy of C i H n , E D (C s H n ), 

20 given by the negative difference between the enthalpy of its formation 
(AH f (C 5 H l2 (gas) = -1 .5225 eV) ) [1 8] and the sum of the enthalpy of the formation of the 

gaseous carbons ( AH f (C(gas))) and hydrogen ( tel f (H(gas))) atoms is 
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V ( C > H ») = -{***/ (C s H l2 (gas))-[5hH f (C(ga S )) + 12AH / (H{gas))]} 

= -{-1.5225 eK-[(5)7.42774 eV + (12)2.259353 e^]} (14.651) 
= 65.77 eV 

The charge-density of the C 5 H n molecular orbital (MO) comprising a linear combination of 
two methyl and three methylene groups is shown in Figure 52. 



5 HEXANE (C 6 H H ) 

Using Eq. (14.642) with n = 6 , the total bond dissociation energy of C 6 H U is 

E D (C 6 H U ) = E D (C-C) 5 + 2E D ^ ( ,2 C^)+4£ D _ (»CH 2 ) 

= (5)(4.32754 <?F)+(2)(l2.49186 eV) + (4) (7.83016 eV) (14.652) 
= 77.94206 eV 

Using Eq. (14.643), the experimental total bond dissociation energy of C 6 H U , E^ (C 6 H U ) , 
given by the negative difference between the enthalpy of its formation 
10 (AH f (C s Hu(gas) = -1.7298 eV)) [18] and the sum of the enthalpy of the formation of the 

gaseous carbons (AH f (C (gas))) and hydrogen (AH f (H(gas))) atoms is 

E Da> (C 6 H H ) = -{AH, (C 6 H u (gas))-[6AH, (C(gas)) + 14AH f (H(gas))]} 

= -{-1.7298 eF-[(6)7.42774 eF+(l4)2.259353 eV]} 
= 77.93 eV 

(14.653) 

The charge-density of the C 6 H U molecular orbital (MO) comprising a linear combination of 
15 two methyl and four methylene groups is shown in Figure 53. 

HEPTANE (C 7 7f 16 ) 

Using Eq. (14.642) with n = 7 , the total bond dissociation energy of C n H l6 is 

E D (C 7 tf J4 ) = E D (C-C) 6 + 2E D ^ ("CHj+SE^CHj 

= (6)(4.32754 <?7)+(2)(12.49186 eF)+(5)(7.83016 eV) (14.654) 
= 90.09976 eV 

20 Using Eq. (14.643), the experimental total bond dissociation energy of C 7 H l6 , E D ^ (C n H X6 ) , 
given by the negative difference between the enthalpy of its formation 
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{tJt f (C n H x6 (gas) = -1.9443 eV)) [18] and the sum of the enthalpy of the formation of the 
gaseous carbons ( AH f (C(gas))) and hydrogen ( 6H f (H(gas))) atoms is 

E Dat (C 7 if 16 ) = - {Aff, (C 7 H lt (««))-[7AH> (C{gas))+\6AH f (H(gas))]} 

= -{-1.9443 eF-[(7)7.42774*K + (16)2.259353 eV]) 
= 90.09 eV 

(14.655) 

5 The charge-density of the C 7 i/ 16 MO comprising a linear combination of two methyl and five 
methylene groups is shown in Figure 54. 

OCTANE (C S H 18 ) 

Using Eq. (14.642) with n = 8 , the total bond dissociation energy of C s H ls is 

* 

E D (C B H m ) = E D (C-C) 7 + 2E D ^ (»CH 3 )+6E DMm ( n CH 2 ) 
10 =(7)(4.32754eF)+(2)(l2.49186eK)+(6)(7.83016eF) (14.656) 

= 102.25746 eV 

Using Eq. (14.643), the experimental total bond dissociation energy of C s H lt , E Dar (C % H W )> 
given by the negative difference between the enthalpy of its formation 
(AH f (C s H it (gas) = -2.1609 eV)) [18] and the sum of the enthalpy of the formation of the 

gaseous carbons (&H f (C(gas))) and hydrogen {Mi f (H (gas))) atoms is 

E Dar (C t H^=-{*H f (C s H ls (gas))-[*W f (C(gas))+\SAH, (H(gas))]} 
15 =-{-2.1609 cF-[(8)7.42774eK+(l8)2259353eK]} 

= 102.25 eV 

(14.657) 

The charge-density of the C i H n MO comprising a linear combination of two methyl and six 
methylene groups is shown in Figure 55. 



20 NONANE (C 9 H X ) 

Using Eq. (14.642) with n = 9 , the total bond dissociation energy of C 9 H 20 is 
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E D {C 9 H 20 ) = E 0 {C-C\ +2*^ (»CH 3 ) + 7E D ^(»CH 2 ) 

= (8)(4.32754cF)+(2)(l2.49186 eF)+(7)(7.83016 eV) (14.658) 
= 114.41516eF 

Using Eq. (14.643), the experimental total bond dissociation energy of C 9 H 20 , E D (CgH^), 

given by the negative difference between the enthalpy of its formation 
(tsHj (C 9 H W (gos) = -2.3651 eV)) [18] and the sum of the enthalpy of the formation of the 

5 gaseous carbons (&H f (c(gas))) and hydrogen (AH f (H(gas))) atoms is 

= -{-2.3651 eV -[(9)7.42774 eV \ (20)2.259353 eV]} 
= 114.40 eV . 

■ 

(14.659) 

The charge-density of the C 9 H^ MO comprising a linear combination of two methyl and 
seven methylene groups is shown in Figure 56. 

10 

DECANE (C IO # 22 ) 

Using Eq. (14.642) with n = 10 , the total bond dissociation energy of C l0 H n is 

E D [CJI n ) = E D {C- C) 9 + 2E D _ ( »CH } ) + 82? 0 _ ( n CH 2 ) 

= (9)(4.32754 eF)+(2)(l2.49186 eF)+(8)(7.83016 eV) (14.660) 
= 126.57286 eV 

Using Eq. (14.643), the experimental total bond dissociation energy of C^H^, 
15 E D (C l0 H 22 ), given by the negative difference between the enthalpy of its formation 
(AH f (QoH^gas) = -2.5858 eV)) [18] and the sum of the enthalpy of the formation of the 
gaseous carbons (AH f (C(gas))) and hydrogen ( Atf f (H(gas))) atoms is 

E D ^ (C^Hv ) = - { Afl> (C W H 22 (gas))- [l 0AH f {C{gas))+ 22 AH, (H ( gas))]} 

= -{-2.5858 eV -[(10)7.42774 eF+(22)2.259353 eV^ 
= 126.57 eV 

(14.661) 

20 The charge-density of the C 10 H n molecular orbital (MO) comprising a linear combination of 
two methyl and eight methylene groups is shown in Figure 57. 
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UNDECANE (C n H u ) 

Using Eq. (14.642) with n - 1 1 , the total bond dissociation energy of C n H 2i is 

e d (c„ff 24 ) = e d (c -c) 10 +2^ fYar, )+ (»ch 2 ) 

= (10)(4.32754 eK)+(2)(l2.49186 e7)+(9)(7.83016 eV) (14.662) 
= 138.73056 eV 

5 Using Eq. (14.643), the experimental total bond dissociation energy of C^H^, 
E D (C U H&), given by the negative difference between the enthalpy of its formation 

(AH f (C^H U (gas) = -2.8066 eV)) [18] and the sum of the enthalpy of the formation of the 
gaseous carbons (AH f (C(gas))) and hydrogen (AH f (H (gas))) atoms is 

E Daf (C„H M ) = -{AH, (C U H U (gas))-[l \AH f (C (gas)) +24 AH f (H(gas))]} 

= -{-2.8066 eV-[(l 1)7.42774 eF+(24)2.259353 eF]} 
= 138.736 eV 

10 (14.663) 

* 

The charge-density of the C n H 24 MO comprising a linear combination of two methyl and 
nine methylene groups is shown in Figure 58. 

* 

* 

15 DODECANE(C I2 # 26 ) 

Using Eq. (14.642) with n =12 , the total bond dissociation energy of C-^H^ is 

E D (C l2 H x ) = E D (C-C)„ + 2E D ^ (»CH 3 )+10E D ^ ( n CH 2 ) 

= (1 1)(4.32754 eF) + (2)(l2.49186 eF)+(l0)(7.83016 eV) (14.664) 
= 150.88826 eV 

Using Eq. (14.643), the experimental total bond dissociation energy of C n H u , 
E D (C n H 26 ), given by the negative difference between the enthalpy of its formation 

20 {AH f (C^Hy, (gas) = -2.9994 eV)) [18] and the sum of the enthalpy of the formation of the 
gaseous carbons (AH f (C(gas))) and hydrogen (AH f (H(gas))) atoms is 
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E Dap (C 12 if 26 ) = -{ AH, (C, 2 H 26 {gas)) - [l 2MJ, (C (gas)) + 26 AH ,(H (gas))]} 

= -{-2.9994 eV -[(12)7.42774 eV + (26)2.259353 eF]} (14.665) 
= 150.88 eV 

The charge-density of the C n H 26 MO comprising a linear combination of two methyl and ten 
methylene groups is shown in Figure 59. 

5 OCTADECANE (C 18 # M ) 
Using Bq. (14.642) with n = 18, the total bond dissociation energy of C lt H 3t is 

E D (C n H^E D (C-C) v + 2E D ^ ("CH 3 )+l6E DMm (*CH 2 ) 

= (17) (4.32754 eV) + (2) (12.491 86 eV) + (16) (7.830 1 6 eV) (1 4.666) 
= 223.83446 eV 

Using Eq. (14.643), the experimental total bond dissociation energy of C 1S H 3S , 
E D (C n H iS ), given by the negative difference between the enthalpy of its formation 
10 ( AH} (C l8 H 3& (gas) = -4.2970 eV)) [18] and the sum of the enthalpy of the formation of the 
gaseous carbons ( AH f (C (gas)) ) and hydrogen ( tsH f (H (gas)) ) atoms is 

E Dap (C l8 H 3S ) = ~{&H/ (C n H„ (gas)y[\SAH f (C(gas))+3ZAH f (H(gas))~}} 

= -{-4.2970 eF-[(l8)7.42774 eV +(38)2.259353 eV]) 
= 223.85 eV 

(14.667) 

The charge-density of the C n H^ molecular orbital (MO) comprising a linear combination of 
1 5 two methyl and sixteen methylene groups is shown in Figure 60. 

Table 14.1. The calculated and experimental bond parameters of C0 2> N0 29 CH^CH^, 

CH 2 CH 2 , CHCH, benzene, propane, butane, pentane, hexane, heptane, octane, nonane, 

decane, imdecane, dodecane, and octadecane. 

Parameter Calculated Experimental Ref. for Exp. 

CO z Bond Energy 5.49553 eV 5.5 1577 eV 7 

C0 2 Bond Length 1.1616A 1.1600 A 3 
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Parameter 


Calculated 


Experimental 


Ref. for Exp. 


NO z Bond Energy 


3,1532 eV 


3.161 eV 


7 


N0 2 Bond Length 


1.1872 A 


1.193 A 


3 


N0 2 Bond Angle 


131.012° 


134.1° 


3 


H 3 C —CH 3 Bond Energy 


3.90245 eV 


3.8969 eV 


7 


H 3 C — CH 3 Bond Length 


1.53635 A 


1.5351 A 


3 


H — CH 2 CH 3 Bond Length 


1.10822 A 


1.0940 A 


3 


Ethane H-C-H BondAngle 


107.44° 


107.4° 


8 


Ethane C-C-H Bond Angle 


111.44° 


111.17° 


3 


H 2 C = CH 2 Bond Energy 

• 


7.55681 eV 


7.597 eV 


7 


H 2 C = CH 7 Bond Length 


* 

1.3405 A 


1339 A 

■ 




// — CHCH RnnH T j>noth 


1.0826 A 


1.087 A 


3 


Ethylene H-C-H BondAngle 


116.31° 


116.6° 


11 


Ethylene C = C — H Bond Angle 


121.85° 


121.7° 


11 


I'm { . — i /V Rrtnrl Pn orm> 
•*.*w — Vyii XjUllU energy 


lu.u/xiz ev 


10.0014 ev 


* 

7 


HC = CH Bond Length 


1 7007 A 


l oni A 


3 


7? - CC7/ Bond Length 


1.0538 A 


1.060 A 


3 


Acetylene C = C-H Bond Angle 


180° 


180° 


6 


C 6 /7 6 Total Bond Energy 


57.2601 eV 


57.26 eV 


17-18 


Benzene C = C Bond Length 


1.3914 A 


1.399 A 


3 


- C 6 H S Bond Length 


1.0933 A 


1.101 A 


3 


C 6 H 6 C — C = C Bond Angle 


120° 


120° 


13-15 


C 6 /f 6 C = C-H BondAngle 


120° 


120° 




C*H n Total Bond Pnprtrv 


4i.40oyo ev 


41.434 eV 


17-18 


Prnnane — Rnnri 1 pnofh 




1 .532 A 


3 


Propane C — H BondLeneth 


1 1097 A 


1 10/7 A 


3 


Aucane i7 — o — ii Joona Angle 


109.50° 


109.3° 


19 


Alkane C-C-H BondAngle 


109.44° 


109.3° 


19 


C 4 if 10 Total Bond Energy 


53.62666 eV 


53.61 eV 


17-18 


Butane C-C Bond Length 


1.5428 A 


1.531 A 


3 


Butane C-H Bond Length 


1.11713 A 


1.117 A 


3 
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Parameter 


Calculated 


Experimental 


Ref. for Exp. 


C s H n Total Bond Energy 


65.78436 eV 


65.77 eV 


17-18 


C e H u Total Bond Energy 


77.94206 eV 


77.93 eV 


17-18 


C 7 H 16 Total Bond Energy 


90.09976 eV 


90.09 eV 


17-18 


C z H n Total Bond Energy 


102.25746 eV 


102.25 eV 


17-18 


C 9 H^ Total Bond Energy 


114.41516 eV 


1 14.40 eV 


17-18 


C l0 rz ^ l oral Bond Energy 


126.57250 6V 


1 9£ *1 *»v 

lzo.j/ ev 


17-1 R 


C n H 24 Total Bond Energy 


138.73056 eV 


138.736 eV 


17-18 


C n H 26 Total Bond Energy 


150.88826 eV 


150.88 eV 


17-18 


C lg // 38 Total Bond Energy 


223.83446 eV 


223.85 eV ■ 


17-18 
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1 . A system of computing and rendering the nature of at least one specie selected from a 
group of diatomic molecules having at least one atom that is other than hydrogen, polyatomic 

5 molecules, molecular ions, polyatomic molecular ions, or molecular radicals, or any 

* 

functional group therein, comprising physical, Maxwellian solutions of charge, mass, and 
current density functions of said specie, said system comprising: 

processing means for processing physical, Maxwellian equations representing charge, 
mass, and current density functions of said specie; and 
10 an output device in communication with the processing means for displaying said 

physical, Maxwellian solutions of charge, mass, and current density functions of said specie. 

2. The system of claim 1 wherein the output device is a display that displays at least one of 
visual or graphical media. 

15 

3. The system of claim 2 wherein the display is at least one of static or dynamic. 

4. The system of claim 3 wherein at least one of vibration and rotation is be displayed. 

20 5. The system of claim 4 wherein displayed information is used to model reactivity and 
physical properties. 

■ 

6. The system of claim 5, wherein the output device is a monitor, video projector, printer, or 
three-dimensional rendering device. 

25 

7. The system of claim 6 wherein displayed information is used to model other species and 

■ * 

provides utility to anticipate their reactivity and physical properties. 

8. The system of claim 7 wherein the processing means is a general purpose computer. 

30 

9. The system of claim 8 wherein the general purpose computer comprises a central 
processing unit (CPU), one or more specialized processors, system memory, a mass storage 
device such as a magnetic disk, an optical disk, or other storage device, an input means. 
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10. The system of claim 9, wherein the input means comprises a serial port, usb port, 
microphone input, camera input, keyboard or mouse. 

■ 

5 11. The system of claim 1 0 wherein the processing means comprises a special purpose 
computer or other hardware system. 

12. The system of claim 1 1 further comprising computer program products. 

10 13. The system of claim 1 2 further comprising computer readable medium having embodied 
therein program code means. 

14. The system of claim 13 wherein the computer readable media is any available media 
which can be accessed by a general purpose or special purpose computer. 

■ 

15. The system of claim 1 4 wherein the computer readable media comprises at least one of 
RAM, ROM, EPROM, CD ROM, DVD or other optical disk storage, magnetic disk storage 
or other magnetic storage devices, or any other medium which can embody the desired 
program code means and which can be accessed by a general purpose or special purpose 

20 computer. 

* * • 

16. The system of claim 15 wherein the program code means comprises executable 
instructions and data which cause a general purpose computer or special purpose computer to 

i 

perform a certain function of a group of functions. 

25 

17. The system of claim 16 wherein the program code is Mathematica programmed with an 
- algorithm based on the physical solutions, and the computer is a PC. 

18. The system of claim 17 wherein the algorithm is ParametricPlot3D[{2*Sqrt[l- 

30 z*z]*Cos[u],Sqrt[(l. Z *z)]*Sin[u],z},{u,0^* Pi},{z,-1,.9999}], and the rendering is viewed 
from different perspectives. 
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1 9. The system of claim 1 8 wherein the algorithms for viewing from different perspectives 
comprises Show[Out[l], ViewPoint->{x,y,z}] where x, y, and z are Cartesian coordinates. 

20. The system of claim 19 wherein the physical, Maxwellian solutions of the charge, mass, 
5 and current density functions of said specie comprises a solution of the classical wave 

^1 



equation 



V 2 L£L \p(r, G4,f) = 0 which is the equation of motion of the charge. 

v 2 dt 1 J 



21 . The system of claim 20 wherein the boundary constraint of the wave equation solution is 
nonradiation according to Maxwell's equations. 

10 

■ ■ • . ■ 

22. The system of claim 21 wherein the boundary condition is met for an ellipsoidal-time 

• * 

harmonic function when 

Oh ti 



co = 

n 



mji m e ab 
where the area of an ellipse is 
15 A- nab 

where 26 is the length of the semiminor axis and 2 a is the length of the semimajor axis. 

23. The system of claim 22 wherein the specie charge and current density functions, bond 
distance, and energies are solved from the Laplacian in ellipsoidal coordinates: 

20 (f-o*^*)+.{r-^«|)+ce^|«f)-«- 

with the constraint of nonradiation. 

24. The system of claim 23 wherein each bond of the said specie defined as a molecular 
orbital (MO) has the ellipsoidal charge-density function given by 

g i 



25 cr = 



4xabc v 2 z 2 



25. The system of claim 24 wherein the bonds of the said specie defined as a molecular 
orbital (MO) has the charge-density function comprising a linear combination of ellipsoids 
wherein the charge density of one said ellipsoid is given by 
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a— L- 1 



Anabc 



grzz 



26. The system of claim 25 wherein the equation of motion has the parametric form 
;•(/) = iacosati + \bsmcot 



27. The system of claim 26 wherein he force balance of the hydrogen-type molecular ion 
ellipsoidal MO is given by 



mab %ne i 



o 

a = 2a 0 

10 

28. The system of claim 27 where the force constant k of a //+ -type ellipsoidal MO due to 
the equivalent of two point charges of at the foci is given by: 

2e 2 



k = 



1 5 29. The system of claim 28 wherein the distance from the origin of the H 2 -type-ellipsoidal- 
MO to each focus c ' is given by : 

J tt 2 4xe 0 [aa^ 
m/2a~i 2 

30. The system of claim 29 wherein the internuclear distance 2c 1 is given by: 
20 2c' = 2 J^ 

31. The system of claim 30 wherein the length of the semiminor axis of the prolate spheroidal 
H 2 -type MO b = c is given by: 

b = Ja 2 -c' 2 

25 
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32. The system of claim 31 wherein the length of the semiminor axis of the prolate spheroidal 
# 2 -type MO b = c is given by: 

a 



5 33. The system of claim 32 wherein the internuclear distance, 2d , which is the distance 
between the foci is 
2c' = 2a G ; 

the semiminor axis is 

b = yj3a 0 , and 

10 the eccentricity, e,is 

1 

e = — . 
2 



34. The system of claim 33 wherein the potential energy of the electron in the central field of 
the protons at the foci is 

■ 

-4e z t a + yla 2 -b 2 

K = / In , 

%nsja 2 -b 2 a-4a 2 -b 2 

1C -r4e 2 . a+c' 

15 = In ; 

%7t£ 0 C* a-c' 

-4e 2 

" In 3 = -59.7575 eV 



The potential energy of the two protons is 



2 2 

V = 7 =— = 13.5984 eK ; 



The kinetic energy of the electron is 

2ft 2 a + Ja 2 -b 2 2e 2 

T = rr— ta / , = 7T^-to3 = 29.8787 , and 

m e Wtf - i 2 a - V a - 6 2 8^ 0 a^ 

20 The total energy, 2? r , is given by the sum of the energy terms: 

E T =V,+T + V p 
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&7rsJa 2 -b 2 



844 



1 



—e 



(41n3-l-21n3) 



= -16.2803 eV 

wherein the calculated and measured values and constants recited in the equations herein can 
be adjusted, for example, up to + 10%, if desired. 



35. The system of claim 34 wherein during bond formation, the electron undergoes a 
reentrant oscillatory orbit with vibration of the protons, and the corresponding energy E^ is 

the difference between the Doppler and average vibrational kinetic energies: 



E m = E D+ E^={V t+ T + V p )^+U^ >S nd 



10 The total energy is 



E T =V,+T+V p + E m 



E T = 



— < 



%ne Q a H 



(41n3-l-21n3) 



M 





2e 2 




4ne 0 (2a H ) 


m. 


m e c 2 



2 V/i 



-16.2803 eF-0.118811 eK+-(0.29282 eV) 

2 



= -16.2527 eV 

wherein the calculated and measured values and constants recited in the equations herein can 
be adjusted, for example, up to + 10%, if desired. 



15 



36. The system of claim 35 wherein the bond dissociation energy, E D , is the difference 
between the total energy of the hydrogen atom and E T : 
E D = E(H)-E T =2.654 eV 
20 wherein the total energy of a hydrogen atom is 

E(H)= -13.59844 eV, wherein the calculated and measured values and constants recited in 
the equations herein can be adjusted, for example, up to + 10%, if desired. 
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37. The system of claim 36 wherein the H$ -type ellipsoidal MO and the hydrogen atomic 
orbital (AO) serve as basis functions for the MOs of specie. 



38. The system of claim 37 wherein the MO must (1) be a solution of Laplace's equation to 
give a equipotential energy surface, (2) correspond to an orbital solution of the Newtonian 
equation of motion in an inverse-radius-squared central field having a constant total energy, 
10 (3) be stable to radiation, and (4) conserve the electron angular momentum of h . 



39. The system of claim 38 wherein the potential energy of electron in the central field of the 
protons at the foci is 

a + 4a 2 -b 2 



-4e' 



In 



-4e _ a + c 
In 



%KS 0 ^a 2 -b 2 a-yja 2 -b 2 ^ 0 c f a-c 1 ' 
15 The potential energy of the two protons is 



y- * _ * - 
" Znsja 2 -b 2 &a? 0 e' ' 



The kinetic energy of the election is 



T = 



2fi 



In 



a+Ja 2 -b 2 



2h 2 , a+c' , 
-In , and 



m e a-Ja 2 -b 2 a-4a 2 -b 2 ™ e ac' a-c' 
The total energy, E T , is given by the sum of the energy terms: 



20 



E r = V e +T+V p 



E T = / 

S7ceJa 2 -b 2 



r 



v 



4-i] 
a) 



In 



a+yja 2 -b 2 
a-Ja 2 -b 2 



-1 



-e 2 









a-c* j 



40. The system of claim 39 wherein during bond formation, the electron undergoes a 
reentrant oscillatory orbit with vibration of the protons, and the corresponding energy E is 
25 the difference between the Doppler and average vibrational kinetic energies: 



E osc = E D +E KxHh =(V e +T+V p \\^ +U [£, and 



2E { 

Mc 2 2 v/i 
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The total energy is 

E T =V e +T+V p +E i 



osc 



— < 



-e 



%ns 0 c 1 



'«-] 

a) 



a-c' 



1+ 



1 





2e 2 


2h^ 


4xe a [af 



m e c 



2 ifi 



5 41 . The system of claim 40 wherein the force balance equation derived of a H 2 -type 

» 

ellipsoidal MO is given by 

h 2 n pe 2 ' h 2 ' 
£ = JTT^ 



' ■ - m e a 2 b 2 Sm B ab 2 2m e a 2 b 

i 

P 

42. The system of claim 41 where the force constant kofaH 2 -type ellipsoidal MO due to 
10 the equivalent of two point charges of at the foci is given by: 

2e 2 



4m 



43. The system of claim 42 wherein the distance from the origin of the H 2 -type-ellipsoidal- 
MO to each focus c ' is given by : 



15 e < ma t^ m JssL 

yjm e e 2 2a V 2 



44. The system of claim 43 wherein the internuclear distance 2c' is given by: 



20 

45. The system of claim 44 wherein the length of the semiminor axis of the prolate spheroidal 
if 2 -type MO b = c is given by: 

b = J7^c l2 
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46. The system of claim 45 wherein the length of the semiminor axis of the prolate spheroidal 
i/ 2 -type MO b = c is given by: 

c l 

e = — 
a 



47. The system of claim 46 wherein the internuclear distance, Id , which is the distance 
between the foci is 

2J = j2a 0 ; 

the semiminor axis is 

1 

10 b = -j^a o9 md 

the eccentricity, e , is 

i 

e = —j= . 



48. The system of claim 47 wherein the potential energy of the two electrons in the central 
1 5 field of the protons at the foci is 



-2e 2 a+Ja 2 -b 2 
V. = 7 In , = -67.8358 e V ; 

%jtsja 2 -b 2 a-4a 2 -b 2 



The potential energy of the two protons is 

= e 2 

p 



V B = f =19.2415 eV; 

%7te^a 2 -b 2 



The kinetic energy of the electrons is 

20 T = % In £±£2 = 33.9179 eV , and 

2m e a4a 2 -b 2 a-Ja 2 -b 2 

The energy, V m , of the magnetic force between the electrons is 

V m = -ft 2 ^£±2^.-1^ .K. and 
4m e aja 2 -b 2 . a- 4 a 2 -b 2 

The total energy, , is given by the sum of the energy terms: 

E T =V e+ T + V a+ V p 
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E T = -13.60 eV 



LA 



= - J p 2 31.63 



wherein the calculated and measured values and constants recited in the equations herein can 
be adjusted, for example, up to + 10%, if desired. 

5 49. The system of claim 48 wherein during bond formation, the electrons undergo a reentrant 
oscillatory orbit with vibration of the protons, and the corresponding energy is the 
difference between the Doppler and average vibrational kinetic energies: 



Mc 1 2 *' ' 



The total energy , is , • 
10 E T =V t +T+V n +V p +E„ e 



o"0 



2 ) 72-1 









1^ 
















m ( c 2 



= -31.635 eV -0.326469 <?K+|(0.56764 eF) 
= -31.6776 eV 

wherein the calculated and measured values and constants recited in the equations herein can 
be adjusted, for example, up to + 1 0%, if desired. 



1 5 50. The system of claim 49 wherein the bond dissociation energy, E D , is the difference 
between the total energy of the hydrogen atoms and E T : 

E D = E(2H[a H } -E T = 4.478 eV 
wherein the total energy of two hydrogen atoms is 

E(2H\a H ]f = -27.21 eV 9 wherein the calculated and measured values and constants recited 
20 in the equations herein can be adjusted, for example, up to + 1 0%, if desired. 



51. The system of claim 50 wherein the H 2 -type ellipsoidal MO and the hydrogen atomic 
orbital (AO) serve as basis functions for the MOs of the specie. 
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52. The system of claim 51 wherein the MO must (1) be a solution of Laplace's equation to 
give a equipotential energy surface, (2) correspond to an orbital solution of the Newtonian 
equation of motion in an inverse-radius-squared central field having a constant total energy, 
(3) be stable to radiation, and (4) conserve the electron angular momentum of ft . 



53. The system of claim 52 wherein the potential energy of the two electrons in the central 
field of the nuclei at the foci is 



-2e J 



In 



a+Ja 2 -b 2 m 
S7veja 2 -b 2 a-yja 2 -b 2 ' 

The potential energy of the two nuclei is 

--. .. j. 



10 



' 1 



P - $7te 0 ^l a 2 - b 2 
The kinetic energy of the electrons is 

t ft 2 a+yla 2 -b 2 

T = , In 1 , and 

2m e aja 2 -b 2: a-ja 2 -b 2 
The energy, V m , of the magnetic force between the electrons is 



f a + Ja 2 -b 2 A 
In , and 



V = — ( ^ f . 

m Am e ayja 2 ^b 2 a-y/a 2 -b 2 



1 5 The total energy, E T , is given by the sum of the energy terms: 



r %ne^a 2 -b 2 



f a ^ 



v 



. a+^a 2 -b 2 , 
In . -1 

a-4a 2 -b 2 



%7te 0 c' 



54. The system of claim 53 wherein during bond formation, the electrons undergo a reentrant 
20 oscillatory orbit with vibration of the nuclei, and the corresponding energy E osc is the 

difference between the Doppler and average vibrational kinetic energies: 



E osc = E D+ E Kvtb 



V e ffl ^VMc 2 2 V 



and 



The total energy is 

.E T =V e +T + V m + V p +E osc 
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55. The system of claim 54 wherein during bond formation, the electrons undergo a reentrant 
oscillatory orbit with vibration of the nuclei, and the corresponding energy E osc is the 
5 difference between the Doppler and average vibrational kinetic energies: 




The totsfl energy is 

'E T =V t +T+V m + V p +.E, 




10 

* 

56. The system of claim 55 wherein the energy of the MO is matched to that of the outermost 
atomic orbital of a bonding heteroatom in the case where a minimum energy is achieved with 
a direct bond to the AO. 

1 5 57. The system of claim 56 wherein the MO is continuous with the AO containing paired 
electrons that do not participate in the bond, and said paired electrons provide a means for the 
energy matched MO to form a continuous equipotential energy surface. 

58. The system of claim 57 wherein an independent MO is formed such that the AO force 
20 balance causes the remaining electrons to be at lower energy and a smaller radius. 

59. The system of claim 58 wherein at least two atomic orbital hybridize as a linear 
combination of electrons at the same energy in order to achieve a bond at an energy 
minimum. 
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60. The system of claim 59 wherein at least two atomic orbital hybridize as a linear 
combination of electrons at the same energy in order to achieve a bond at an energy 
minimum. 

5 

61 . The system of claim 60 wherein at least two atomic orbitals hybridize as a linear 

■ 

combination of electrons at the same energy in order to achieve a bond at an energy 
minimum, and the sharing of electrons between two or more such orbitals to form a MO 
permits the participating hybridized orbitals to decrease in energy through a decrease in the 
10 radius of one or more of the participating orbitals. 

62. The system of claim 61 where the force constant k' of a H 2 -ty])Q ellipsoidal MO due to 

' • ■ ' » 

the equivalent of two point charges of at the foci is given by: 



Am 0 

15 where c x is the fraction of the # 2 -type ellipsoidal MO basis function of a chemical bond of 
the specie and c 2 is the factor that results in an equipotential energy match of the 
participating at least two molecular or atomic orbitals of the chemical bond. 

63. The system of claim 62 where the distance from the origin of the MO to each focus c 1 is 
20 given by: 





the internuclear distance is 




the length of the semiminor axis of the prolate spheroidal MO b = c is given by 



25 



b = yja 2 -c' 2 , and 



and, the eccentricity, e , is 
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64. The system of claim 63 wherein the potential energy of the two electrons in the central 
field of the nuclei at the foci is 



~2e : 



— — * 

8m J a 2 -b 2 a - y/cf-b 2 ' 



In 



The potential energy of the two nuclei is 



Strega 2 -b 2 ' 



The kinetic energy of the electrons is 



T = o,c,c : 



h' 



. a+yjcf-b 2 , 
in , and 



2m e asla 2 -b 2 a - Vtf 2 -b 2 . 
The energy, ' J£ , of the magnetic force between the electrons is 



, a+yja 2 -b 2 , 
In , and 



4m e a<Ja 2 -b 2 a-yja 2 -b 2 



1 0 The total energy, Ef , is given by the sum of the energy terms: 
E T =V e +T + V_+V. 



m p 



Znejct-b 2 



0 

.2 



&7T£ 0 C ' L 



c x c 2 \ 2 



l a) a-yfa^b 2 



where Wj is the number of equivalent bonds of the MO, c, is the fraction of the H 2 -type 
ellipsoidal MO basis function of a chemical bond of the specie, and c 2 is the factor that 

15 results in an equipotential energy match of the participating at least two molecular or atomic 
orbitals of each chemical bond. 



65. The system of claim 64 wherein during bond formation, the electrons undergo a reentrant 
oscillatory orbit with vibration of the nuclei, and the corresponding energy is the 
20 difference between the Doppler and average vibrational kinetic energies: 



The total energy is 



E T =K + T + V m +V B +E l 

it m p i 



osc 
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n^e 4 



u v. a J 



i a+c ' , 
In --1 

a-c' 







c t c 2 e 2 
















• 


1 w « c2 



where is the number of equivalent bonds of the MO, (\ is the fraction of the # 2 -type 
ellipsoidal MO basis function of a chemical bond of the specie, and c 2 is the factor that 

results in an equipotential energy match of the participating at least two molecular or atomic 
5 orbitals of each chemical bond. 



66. The system of claim 65 wherein during bond formation, the electrons undergo a reentrant 

* 

oscillatory orbit with vibration of the nuclei, and the corresponding energy E osc is the 
difference between the Doppler and average vibrational kinetic energies: 



10 



*L =E D+ E Kra , =(V e + T + V m +Vp )^ +Jh h]± , and 



The total energy is 



E T = 



— < 



87re 0 c ' 



I a ) a~c % 

m 



1 + 



i 



2h 



i 



m t c l 



where ^ is the number of equivalent bonds of the MO, c x is the fraction of the H 2 -type 
1 5 ellipsoidal MO basis function of a chemical bond of the specie, and c 2 is the factor that 

results in an equipotential energy match of the participating at least two molecular or atomic 
orbitals of each chemical bond. 



67, The system of claim 66 wherein a hybridized shell comprises a linear combination of the 
20 electrons of at least two atomic-orbital shells. 



68. The system of claim 67 wherein the radius of the hybridized shell is calculated from the 
Coulombic energy equation by considering that the central field decreases by an integer for 
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each successive electron of the shell and the total energy of the shell is equal to the total 
Coulombic energy of the initial AO electrons. 



69. The system of claim 68 wherein the total energy E T {atom, msp* ) (m is the integer of the 

5 valence shell) of the AO electrons and the hybridized shell is given by the sum of energies of 
successive ions of the atom over the n electrons comprising total electrons of the at least two 
AO shells 



70. The system of claim 69 wherein the radius of the hybridized shell is given by: 

io , — g=g£ . 



71. The system of claim 70 wherein the Coulombic energy E Coulomb (atom 9 msp 3 ) of the outer 
electron of the atom imp 3 shell is given by 



E cau iomb [^om 9 msp 3 ) = 



-e 2 



u msp 



15 

72. The system of claim 71 wherein the during hybridization at least one of the spin-paired 
AO electrons is unpaired in the hybridized orbital (HO) and the energy change the promotion 
to the unpaired state is the magnetic energy E (magnetic) at the initial radius r n of the AO 
electron: 

20 Eimagnetic) = = 



73. The system of claim 72 wherein the energy E(atom,msp*\ of the outer electron of the 
atom msp 3 shell is given by the sum of (atom,msp 3 ) and E{magnetic) : 

E(atom,msp 3 U— 2n *?* 



25 
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74. The system of claim 73 wherein at least two atomic orbitals hybridize as a linear 
combination of electrons at the same energy in order to achieve a bond at an energy 
minimum, and the sharing of electrons between two or more such hybridized orbitals to form 
a MO permits the participating hybridized orbitals to decrease in energy through a decrease in 
5 the radius of one or more of the participating orbitals; the total energy of the hybridized 

orbitals is given by the sum of E{atom,msp*} and the next energies of successive ions of the 

atom over the n electrons comprising total electrons of the at least two initial AO shells; is the 
sum of the first energy of the atom and the hybridization energy. 

4- 

10 75. The system of claim 74 wherein the sharing of electrons between two atom msp 3 HOs to 

form an atom L atom-bbnd MO permits each participating hybridized orbital to decrease in 
radius and energy. ' 

76. The system of claim 75 wherein in order to further satisfy the potential, kinetic, and 

15 orbital energy relationships, each atom msp 3 HO donates an excess of 25% per bond of its 

electron density to the atom-atom-bond MO to form an energy minimum wherein the atom- 
atom bond comprises one of a single, double, or triple bond. 



77. The system of claim 76 wherein the radius of the hybridized shell is calculated from the 
20 Coulombic energy equation by considering that the central field decreases by an integer for 

each successive electron of the shell and the total energy of the shell is equal to the total 
Coulombic energy of the initial AO electrons and the hybridization energy. 

78. The system of claim 77 wherein the total energy E r {moLatom,msp 3> ) (m is the integer of 

.» 

25 the valence shell) of the HO electrons is given by the sum of energies of successive ions of 
the atom over the n electrons comprising total electrons of the at least two initial AO shells 
and the hybridization energy. 



79. The system of claim 78 wherein the radius r , of the hybridized shell is given by: 



30 r ,= 

msp 



f Z-1 > s p 2 

£ (Z-q)-s(Q25) 



%xe Q E T [moLatom^msp 3 ] 



WO 2007/051078 PCT/US2006/042692 

856 

where s = 1, 2, 3 for a single, double, and triple bond, respectively. 



80. The system of claim 79 wherein the Coulombic energy E Coulomb [molatom, msp 3 ) of the 
outer electron of the atom msp 3 shell is given by 

5 Ecouiomb {molatom, msp 3 ) = ^— 

0 map 3 



8 1 . The system of claim 80 wherein the during hybridization at least one of the spin-paired 
AO electrons is unpaired in the hybridized orbital (HO) and the energy change the promotion 
to the unpaired state is the magnetic energy E(magnetic) at the initial radius r n of the AO 

10 electron: 

.2*2 



E(magnetic) = f- = -f*f*- 

m e{ r n) ( r n) 



82. The system of claim 81 wherein the energy E(mol.atom 9 msp 3 } of the outer electron of 
the atom msp 3 shell is given by the sum of E Coulomb {molxitom,msp 3 } and E(magnetic) : 



15 E[molxitom 9 msp 3 ) = 



* 

83. The system of claim 82 wherein E T [atom - atom, msp 3 ) , the energy change of each 

atom msp 3 shell with the formation of the atom-atom-bond MO is given by the difference 
between E[molxxtom, msp 3 )and E [atom, msp 3 ) . 

20 E T {atom - atom, msp 3 ) = E (mohatom, msp 3 [atom,msp 3 ) 



25 



84. The system of claim 83 wherein to meet an energy matching condition for all MOs at all 
HOs, the energy E[molatom, msp 3 ) of the outer electron of the atom msp 3 shell of each 

bonding atom must be the average of E {mohatom, msp 3 ) for two different values of s : 

3 E ( mol (s x ) , msp 3 ) + E(mol ( s 2 ) , msp 3 ) 
Eymol, msp 3 j = — ^ ' - L (14.5 1 2) 

* - 
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85. The system of claim 84 wherein E T [atom - atom 9 msp 3 } , the energy change of each 
atom msp 3 shell with the formation of each atom-atom-bond MO, is average of 
E T [atom - atom, msp 3 ) for two different values of s : 

. E T [atom - atom [s x ) , msp 3 ) + E T [atom - atom [s 2 ) , msp 3 ) 
5 E T [atom-atom,msp ) = — 



86. The system of claim 85 wherein the radius of the atom msp 3 shell of each bonding 
atom is given by the Coulombic energy using the initial energy E Coulomb [atom, msp 3 ) and 

E T [atom - atom,msp 3 ) ? the energy change of each atom msp 3 shell with the formation of 
10 each atom-atom-bond MO: 

r , = rr (14.514) 

Zne 0 a 0 (E Coulo ^ (atom, msp 3 ) + E T (atom - atom, msp 1 )) 

87. The system of claim 86 wherein the Coulombic energy E Cmlomi (mol. atom, msp 3 ) of the 
outer electron of the atom msp 3 shell is given by 

♦ 

15 E CM (molx,tom,msp 3 ) = -^ : 

0 msp* 



88. The system of claim 87 wherein the during hybridization at least one of the spin-paired 
AO electrons is unpaired in the hybridized orbital (HO) and the energy change the promotion 
20 to the unpaired state is the magnetic energy E(magnetic) at the initial radius r n of the AO 

electron: 



25 89. The system of claim 88 wherein the energy E[molMtom,msp 3 ) of the outer electron of 
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the atom msp 3 shell is given by the sum of E Cmihmb [molatom, msp 3 ) and E{magnetic) ; 
E(moLaton h msp ) = 

^o^y m e {r tt ) 



90. The system of claim 89 wherein E T [atom - atom, msp 2 ) , the energy change of each 

5 atom msp 3 shell with the formation of the atom-atom-bond MO is given by the difference 
between E[moluxtom,msp 3 )and E[atom,msp 3 ). 

E T [atom - atom, msp 3 ) = E [molatom, msp 3 ) - E [atom, msp 3 ) 

91. The system of claim 90 wherein E Cotilomb [molatom,msp 3 ) is one of is one of 
10 E Coul ^ b [C e ^ eMS 2sp 3 ) 9 E Cmlomb [C €thme ,2sp 3 ), ^/^(C'^»V),and 

» * 

^Coulomb (palkmt'^ S P ) > 

Eco^ont {atom, msp 3 ) is one of E CM (C, 2sp 3 ) and (Cl,3sp 3 ) ; 

E(mol atom, msp 3 ) is one of E(C elhyltm ,2sp 3 ), E{C ellsme ,2sp 3 ), 
EiC^^sp^E^^Jsp 3 ); 

i 

15 E(atom,msp 3 ) is one of and E(C,2sp 3 ) and£(C/,3sp 3 ); 

E T (atom - atom, msp 3 ) is one of E (C - C, 2sp 3 ) , E ( C = C,Q.sp 3 ) , and. 

■ 

E[c = C,2sp 3 ); 

atom msp 3 is one of C2sp 3 , CBsp 3 

E T [atom- atom fa), msp 3 ) is E T [C-C,2sp 3 ) and E T [atom- atom [s 2 ), msp 3 ) is 
20 E T [C = C,2sp 3 ),and 



92. The system of claim 91 wherein the energy of the MO is matched to that of the outermost 
atomic orbital or hybridized orbital of a bonding atom in the case where a minimum energy is 
25 achieved with a direct bond to the AO or HO. 
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93. The system of claim 92 wherein the potential energy of the two electrons in the central 
field of the nuclei at the foci is 



-2* : 



a+ 



y/7^b : 



%neAa 2 -b 2 a~4a 2 -b 2 ' 



5 The potential energy of the two nuclei is 



8xeja 2 -b 2 ' 
The kinetic energy of the electrons is 

n 2 



T = «,c,c 2 



. a + 4a 2 -b 2 , 
In , and 



2m e a4a 2 -b 2 a - 4 a 2 -b' 1 
The energy, V m , of the magnetic force between the electrons is 



10 



-ft 2 . a+4a 2 -b 2 ' 
4m e aja 2 -b a- V<z - b 2 

The total energy, E T , is given by the sum of the energy terms plus E(AO) : 



E T = V,+T + V m +V p 



E T = 



%7tsja 2 -b 2 



o 
.2 



\ a ) 



In 



a+4a 2 -b 2 
a-4a 2 -b 2 



-1 



+ E(AO) 



v a J 



1 a + c% 1 

In 1 

a-c' 



+ E(AO) 



where ^ is the number of equivalent bonds of the MO, (\ is the fraction of the i£> -type 
15 ellipsoidal MO basis function of a chemical bond of the specie, c 2 is the factor that results in 
an equipotential energy match of the participating at least two molecular or atomic orbitals of 
each chemical bond, and E(AO) is the energy of the at least one atomic orbital to which the 

MO is energy matched. 



20 94. The system of claim 93 wherein during bond formation, the electrons undergo a reentrant 
oscillatory orbit with vibration of the nuclei, and the corresponding energy E osc is the 
difference between the Doppler and average vibrational kinetic energies: 
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the total energy is 

E r =K+T+V m + V,+E m .+E(AO). 



95. The system of claim 94 wherein during bond formation, the electrons undergo a reentrant 
5 oscillatory orbit with vibration of the nuclei, and the corresponding energy E^ is the 
difference between the Doppler and average vibrational kinetic energies: 

k_ 

M 



2E. 



1 



K. = E D +E Kvlb =(V e +T + V m +V p )^ + «, jK\- , and 



the total energy is 

E T =V e +T+V m +V p +E, 



osc 



10 



Ep — — 



%ire n c' 



c,c 2 



a J 



In 



-1 



a—c 



M 









c,c 2 e 2 


2^ 







m e c 



+ E(AO) 



where i\ is the number of equivalent bonds of the MO, c x is the fraction of the # 2 -type 
ellipsoidal MO basis function of a chemical bond of the specie, c 2 is the factor that results in 
an equipotential energy match of the participating at least two molecular or atomic orbitals of 
each chemical bond, and E(AO) is the energy of the at least one atomic orbital to which the 

■ 

15 MO is energy matched. 

96. The system of claim 95 wherein during bond formation, the electrons undergo a reentrant 
oscillatory orbit with vibration of the nuclei, and the corresponding energy E^ is the 
difference between the Doppler and average vibrational kinetic energies: 



20 



£- + n.— — ,and 
Mc 2 h 2 Al 



the total energy is 

Er^K+T+Vn+V^E, 
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&7C£ 0 C 1 



r _ \ 
2-^ 



a 



J 



ln^-1 





c,c 2 e 2 




47T£ 0 b 3 

m. 



+E(AO) 



where ^ is the number of equivalent bonds of the MO, c, is the fraction of the H 2 -type 
ellipsoidal MO basis function of a chemical bond of the specie, c 2 is the factor that results in 
an equipotential energy match of the participating at least two molecular or atomic orbitals of 
5 each chemical bond, and E(AO) is the energy of the at least one atomic orbital or hybridized 

atomic orbital or said orbital or hybridized orbital and the energy change with the formation 
of the bond by one or more of the orbital electrons to match the energies of the said orbital 
and the MO. 



10 97. The system of claim 96 wherein E (AO) , the energy of the at least one atomic orbital or 

hybridized atomic orbital or said orbital or hybridized orbital and the energy change with the 
formation of the bond by one or more of the orbital electrons to match the energies of the said 
orbital and tile MO, is at least one from the group of 

E(AO) = E(02p shell) = ~E(ionization\ O) = -13.6181 eV ; 
15 E(AO) = E(N2p shell) = -E(ionization; N) = -14.53414 eV ; 

■ 

E(AO) = E(C,2sp 3 ) = -14.63489 eV ; 

t 

E T {AO) = E M (Cl,lsp 3 ) = -\4.60Q.95eV-, 
E T [AO) = EQonization; C) + E(ionization; C + ) ; 
E T [AO) = E(C alx , m ,2sp 3 ) = -l5.3S946eV; 

20 E T [AO) = +E(c a , vla)t ,2sp 3 )-E(C e ^ em asp 3 ); 

E T [AO) = E(c,2sp 3 )-2E T (c = C,2sp 3 ) = -14.63489 eK-(-2.26758 eV) ; 

E T (AO)=E(C ac ^sp 3 )-E(C^ m ,2sp 3 )-E(C^ 

E T {AO) = £(C,2j/)-2£^(C ■ C,2sp 3 ) = -14.63489 eV -(-3.13026 eV) ; 

E T (AO) = E(C ba ^,isp 3 )-E(C taBm ,2sp 3 y, 
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E T {AO) = E(C,2sp*)- E T (C = C,2sp 3 ) = -14.63489 eV -(-1 .13379 eV) , and 

E T (AO) = £(C fl/toMC ,2sp 3 )=- 15.56407 <?K , wherein the calculated and measured values and 

constants recited in the equations herein can be adjusted, for example, up to ± 10%, if 
desired. 



98. The system of claim 97 wherein c y = a 



tcAice* 



m e e 2 2k % a 




is substituted into E T to give 



+ E(AO) 



c,c 2 2 



a+ 



aa 0 
2k' 



jaa Q 



-i 



+ E(AO) 



where ^ is the number of equivalent bonds of the MO, c x is the fraction of the # 2 -type 
ellipsoidal MO basis function of a chemical bond of the specie, c 2 is the factor that results in 
10 an equipotential energy match of the participating at least two molecular or atomic orbitals of 
each chemical bond, and E(AO) is the energy of the at least one atomic orbital or hybridized 
atomic orbital to which the MO is energy matched. 

99. The system of claim 98 wherein E(basis energies) is given by the sum of a first integer 
1 5 q x times the total energy of H 2 and a second integer q 2 times the total energy of H , minus a 
third integer q 3 times the total energy of E(AO) where the first integer can be 1,2,3... , and 
each of the second and third integers can be 0,1,2,3... . 



100. The system of claim 99 wherein Ej. is set equal to E(basis energies) , and the 
20 semimajor axis a is solved. 



101. The system of claim 100 wherein the semimajor axis a is solved from the equation of 
the form: 
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%ne e 4a 2 -b 2 



c i c i 



%7t6 0 C 



o 

21 a J o-c' 



863 



, a+Jd'-b 2 
In , -1 

a-Ja 2 -b 2 



+ E(AO) 



+ E(AO) 



'\2Jfc' 



c,c 2 



laa 0 



+ E(AO) = E(basis energies) 



1 02. The system of claims 1 0 1 and 63 wherein the distance from the origin of the H 2 -type- 

5 ellipsoidal-MO to each focus c 9 , the internuclear distance 2c [ , and the length of the 

.1 . ... 

semiminor axis of the prolate spheroidal # 2 -type MO b = c are solved from the semimajor 
axis a . 

103. The system of claims 102 where the number of equivalent bonds of the MO r\ each 
10 comprising an H 2 -type ellipsoidal MO is an integer greater than one. 

104. The system of claims 103 where the fraction c, of a H 2 -type ellipsoidal MO is 1 . 
0.75, 0.5, and 0.75/2. 

■ 

15 105. The system of claims 104 where the factor c 2 of a # 2 -type ellipsoidal MO is given 

by one of the list of 1 and the ratio of the ionization energy of at least one atom of the bond 
and 13.605804 eV , the Coulombic energy between the electron and proton of H to meet the 
equipotential condition of the union of the # 2 -type-ellipsoidal-MO and the AO of the atom, 

wherein the calculated and measured values and constants recited in the equations herein can 
20 be adjusted, for example, up to + 10%, if desired. 

i06. The system of claim 105 where the factor c 2 of a H 2 -type ellipsoidal MO is 

0.936127 , the ratio of the ionization energy of N 14.53414 eV and 13.605804 eV , 
the Coulombic energy between the electron and proton of H ; 



WO 2007/051078 PCT/US2006/042692 

864 

0.91771 , the ratio of 14.82575 eV , E^^ (C,2sp 3 ) and 13.605804 eV , the 

Coulombic energy between the electron and proton of H ; 

0.93172 , the ratio of 14.60295 eV , E Cailoab (Cl,3sp 3 ) given by Eq. (13.759), and 

13.605804 eV , the Coulombic energy between the electron and proton of H ; 
5 0.87495, the ratio of 15.55033 eV , E Coulomb (C 4lW 2sp 3 ) and 13.605804 eV , the 

Coulombic energy between the electron and proton of H ; 

0.85252 , the ratio of 15.95955 eV , E Calcab , 2ap 3 ) and 13.605804 eV , the 

Coulombic energy between the electron and proton of H ; 

0.85252 , the ratio of 15.95955 eV , E CoalBml> (c^^sp 3 ) and 13.605804 eV , the 

10 Coulombic energy between the electron and proton of H , or 

0.86359 , the ratio of 15.55033 eV , E Cmdamb (C alhme ,2sp 3 ) and 13.605804 eV , the 

Coulombic energy between the electron and proton of H 5 wherein the calculated and 
measured values and constants recited in the equations herein can be adjusted, for example, 
up to ± 1 0%, if desired. 

15 

107. The system of claim 106 where the fraction q of a if 2 " t > r P e ellipsoidal MO is such 

that the orbital energy E for each elliptical cross section of the prolate spheroidal MO is 
given by the sum of the kinetic T and potential V energies; E = T + V is constant; the orbit 
is closed such that T <j V \ ; the time average of the kinetic energy, < T > , for elliptic motion 
20 in an inverse-squared field is 1/ 2 that of the time average of the magnitude of the potential 
energy, |< V >\ (<T >= 1/2|< V >| ), and in the case that the energy of the MO is matched to 

at least one atomic orbital (AO), E = T + V , and for all points on the AO, \E\ = T = 1 / 2\V\ . 

108. The system of claim 107 where the energy of the MO is matched to at least one 
25 atomic orbital (AO) such that E = T + V, and for all points on the AO, |£| = r = l/2|r|. 

109. A system of claim 1 08 of computing and rendering the nature of bound atomic and 
atomic ionic electrons from physical solutions of the charge, mass, and current density 
functions of atoms and atomic ions, which solutions are derived from Maxwell's equations 

30 using a constraint that the bound electron(s) does not radiate under acceleration, comprising: 
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processing means for processing and solving the equations for charge, mass, and 
current density functions of electron(s) in a selected atom or ion, wherein the equations are 
derived from Maxwell's equations using a constraint that the bound electron(s) does not 
radiate under acceleration; and 
5 a display in communication with the processing means for displaying the current and 

charge density representation of the electron(s) of the selected atom or ion. 



110. The system of claim 109 wherein the physical, Maxwellian solutions of the charge, 
10 mass, and current density functions of atoms and atomic ions comprises a solution of the 

r 1 5 2 



classical wave equation V 



2 . 



L 5t 

« ' . * * 

charge. 



2 



p(r 9 0, 0, /) = 0 which is the equation of motion of the 



111. The system of claim 110, wherein the time, radial, and angular solutions of the wave 
15 equation are separable. 

1 12. The system of claim 111, wherein the boundary constraint of the wave equation 
solution is nonradiation according to Maxwell's equations. 

20 113. The system of claim 112, wherein a radial function that satisfies the boundary 
condition is a radial delta function 

■ 

* 

f(r) = \8{r-r n ). 
r 

114. The system of claim 113, wherein the boundary condition is met for a time harmonic 
25 function when the relationship between an allowed radius and the electron wavelength is 
given by 

* 

2^„ = K » 
co - ^ q , and 



m e r 2 



h 

v = — 
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where a> is the angular velocity of each point on the electron surface, v is the velocity of 
each point on the electron surface, and r is the radius of the electron. 

115. The system of claim 1 14, wherein the spin function is given by the uniform function 

h h 

5 Y 0 ° (0, 0) comprising angular momentum components of = — and L x = — . 



1 1 6. The system of claim 115, wherein the atomic and atomic ionic charge and current 
density functions of bound electrons are described by a charge-density (mass-density) 
function which is the product of a radial delta function, two angular functions (spherical 

10 harmonic functions), and a time harmonic function: 

■ 

. ./*r,0,(M) = /(r)^ ; A{O^t) = Y(0J)k(t) 

r 

wherein the spherical harmonic functions correspond to a traveling charge density wave 
confined to the spherical shell which gives rise to the phenomenon of orbital angular 



momentum. 



15 



1 1 7. The system of claim 1 1 6, wherein based on the radial solution, the angular charge and 
current-density functions of the electron, A(0,fi,t) , must be a solution of the wave equation 



in two dimensions (plus time), 



o 



l 



20 vfheK P (r,e,4,t) = f(r)A(0,t,t) = -^6(r-r n )A(0>t>t) «aA A(0,t,t) = Y(0,0)k(t) 



1 



d( . „ d 

\ ! 



, sin# 
r 2 sin0S9{ M 



1 



r 2 sin 2 G 



l d- 



v 2 dr 



where v is the linear velocity of the electron. 



118. The system of claim 1 1 7, wherein the charge-density functions including the time- 
25 function factor are 



Jl=0 
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A ^0 



p(r,e,M = -^\Sir -r„)][y 0 ° (0,*>)+Re{l7 {9^}] 



where Y* (0, (ft) are the spherical harmonic functions that spin about the z-axis with angular 
frequency a> n with Yf (0,$) the constant function 

Re{Y? (0j)e ia>nt } = if (cos0)cos(m$+a> r ,t) whereto keep the form of the spherical 
10 harmonic as a traveling wave about the z-axis, a> n = mco n . 



1 1 9. The system of claim 1 1 8, wherein the spin and angular moment of inertia, I, angular 

■ 

momentum, L, and energy, E, for quantum number J! are given by 
Si =0 



15 



/ = / - m < r » 

X z 1 spin ~* ^ 

L, = IaA, = ± J 

2 



F = F 

rotational ^ rotational y spin 



1 



spin 



' ft * 



. mr n 

\ en/ 



1 


2 


f * 


2 


2 


m,r„ 2 

<, & n 



\2 



4 



_ 21 spin _ 



20 



i *0 



L- = mh 



' 1(1 + 1) "J 



T — T + T 

total ~ x spin T z orbital 
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E. 



rotational, orbital 



21 



1(1+1) 
f+2£+\ 



T = 



2mrf 



rotational, orbital 



5 120. The system of claim 119, wherein the force balance equation for one-electron atoms 
and ions is 

m e v, 2 e Ze 1 ft 2 



4«r, 2 r, 4«r, 2 ^7ie 0 r^ Anr? m r* 
where a H is the radius of the hydrogen atom. 

10 

121 . The system of claim 120, wherein from Maxwell's equations, the potential energy V , 
kinetic energy T , electric energy or binding energy E dc are 

V = ~ Z e =-Z 2 X 4.3675 X 10" 18 J--Z 7 X 27.2 eV 

A7te 0 r x 4ite 0 a H 

T = =Z 2 X 13.59 eF 

8^0^ 



1 ^ *7 

15 T = E ele = — £ 0 fE 2 rfv where E = - 

2 i Atzsjt 



2 

r 

CO * " ~~o" 



£ efc = - Ze = -Z 2 X 2.1786 JT 10- 18 J = -Z 2 Jf 13.598 <?K , 
%rcs 0 a H 



wherein the calculated and measured values and constants recited in the equations herein can 
be adjusted, for example, up to + 10%, if desired. 



20 

122. The system of claim 121, wherein the force balance equation solution of two electron 
atoms is a central force balance equation with the nonradiation condition is given by 
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which gives the radius of both electrons as 

1 



r 2 =r,=o, 



[Z-l Z(Z-1)J 



1 



123. The system of claim 1 22, wherein the ionization energy for helium, which has no 
5 electric field beyond r t is given by 

Ionization Energy(He) = -E(electric) + E(magnetic) 

where, 

£(g/gc/ric) = -- (Z ~ 1)g 



E(magnetic) = .— ^-r^— 



2 3 



10 For 3^Z 



Ionization Energy = -Electric Energy — —Magnetic Energy 

z 



124. The system of claim 123, wherein the electrons of multielectron atoms all exist as 
orbitspheres of discrete radii which are given by r n of the radial Dirac delta function, 

15 8{r-r n ). 

125. The system of claim 124, wherein electron orbitspheres may be spin paired or 
unpaired depending on the force balance which applies to each electron wherein the electron 
configuration is a minimum of energy. 

20 

126. The system of claim 125, wherein the minimum energy configurations are given by 
solutions to Laplace's equation. 

127. The system of claim 126, wherein the electrons of an atom with the same principal 
25 and Jl quantum numbers align parallel until each of the m j[ levels are occupied, and then 

pairing occurs until each of the m j levels contain paired electrons. 
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128. The system of claim 127, wherein the electron configuration for one through twenty- 
electron atoms that achieves an energy minimum is: Is < 2s < 2p < 3s < 3p < 4s. 

129. The system of claim 128, wherein the corresponding force balance of the central 

5 Coulombic, paramagnetic, and diamagnetic forces was derived for each n-electron atom that 
was solved for the radius of each electron. 



130. The system of claim 129, wherein the central Coulombic force is that of a point 
charge at the origin since the electron charge-density functions are spherically symmetrical 
10 with a time dependence that is nonradiative. 



131. The system of claim 1 30, wherein the ionization energies are obtained using the 

■ 

calculated radii in the determination of the Coulombic and any magnetic energies. 



15 1 32. The system of claim 131, wherein the general equation for the radii of s electrons is 
given by 



l + (C-D) 



22 



B_ 
2Z 



\+(C-D) 



22 



\ 



[ K K }) U 2Z)r m ) 



J 



20>/3 



+ 



Z-n 



Z-(«-l)J " 



Er 



r = 



{ K v " U 2Z)r.) 



n 



r m in units of a 0 



where positive root must be taken in order that r n > 0 ; 

Z is the nuclear charge, n is the number of electrons, 
20 r m is the radius of the proceeding filled shell(s) given by 
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(Z-(n-l))- 


(A B s 
1 8 2Z, 


7 m > 



2Z 



V 



20V3 



/r 



r m units of a 0 



for the preceding s shell(s); 



7 



1 



^-(«-i))-^-^J- 



/r 



2(K/3 



Z-n 



L Z-(»-l) 



J 



( 



1- 



V 



J J 



0,= 



( z-(«-i))-^--J- 



r, /« twite 0/* a. 



\ 



for the 2p shell, and 



a r 



1 



(Z-(n-l))- 



b 



4>) 



20V3 



1,8 2z; 

Z-n 



r 12 J) 



[Z-(«-l)J 



2 2 



\ 



r 12 



(Z-(«-l))-(f- 



B_ 
2Z 



r i2 y 



r l2 in units of a 0 



for the 3p shell; 

the parameter A corresponds to the diamagnetic force, 
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diamagnetic 



4m e r 3 r, 



the parameter B corresponds to the paramagnetic force, F, 



mag 2 • 



F. 



mag 2 



1 h 2 
Z m/tf 



5 F 



the parameter C corresponds to the diamagnetic force, F <earawie)fc 3 : 

1 

1 8h 2 



diamagnetic 3 



Z m e r u - 



Jsis + l)i r ; 



the parameter D corresponds to the paramagnetic force, F : 



F = 1 1 * 

mag A 2 ry 3 



yjs(s + 1) , and 



4xr 2 Z mf 

the parameter E corresponds to the diamagnetic force, V aamaputUf 2 , due to a relativistic effect 



with an electric field for r>r n : 



10 F 



diamagnetic 2 



diamagnetic 2 



-[ 



Z-10 2 



10^(j + l)i r ,and 



diamagnetic 2 



Z-n 



[Z-(«-l)J 



\ 42 1 & 0 
1 + +- 

2 2 2 2, 



^10V^ + l)i r . 



4 
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wherein the parameters of atoms filling the Is, 2s, 3s, and 4s orbitals are 



Atom Electron 
Type Configuration 



Ground 

State 

Term 



Orbital Diamag, Paramag. Diamag. Param Diamag. 

Arrangement Force Force Force ag. Force 



of 

s Electrons 
(s state) 



Factor Factor Factor Force Factor 
ABC Factor £ 

D 



Neutral i^ 1 
le 

Atom 
H 

Neutral is 2 

* * • i * * ■ 

» • 

Atom 
He 

Neutral 2s 1 
3e 
Atom 
Li 

Neutral 2s 1 
4e 
Atom 
Be 

Neutral Is 2 2s 2 2p 6 3s* 
He 
Atom 
Net 

Neutral \ s 2 2s 2 2p 6 3s 2 
12 e 
Atom 
Mg 

Neutral ls 2 2s 2 2p 6 3s 2 3p 6 4s 
19 e 



'1/2 



l S, 



0 • 



'V2 



'1/2 



1 2 



'1/2 



Is 



Is 



t 



2s 



t I 
2s 



3s 



t I 
3s 



4s 



0 



0 



1 



1 



1 



1 



0 



0 



0 



0 



0 



0 



0 



0 



0 



s 



12 



12 



0 0 



1 



0 



1 



0 



1 



0 



0 



0 



0 



0 



0 0 



Atom 
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K 

Neutral Ly 2 2j 2 2/> < 3s 2 3 J p 6 45 2 % 
20 e 

■ 

Atom 



Ca 

1 e Ion Ls 1 



874 



Li 

4s 



Is 
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1 3 24 1 0 



0 0 0 0 0 



2 e Ion is 2 



i 



So Li 

Is 



0 0 0 1 0 



3 e Ion 2j' 



2,S l/2 ' 



2s 



1 0 0 0 1 



4 e Ion 2s 2 



% Li 

2s 1 0 0 1 1 



11 e Ion is 2 2s 2 2p 6 3s 1 2 S, /2 1" 



3s 



1 4 8 0 ^2 

1+— 



12 e Ion l s 2 2s 2 2p 6 3s 2 l S 0 t_i 

3s 



19eIon l* 2 2* a 2/? 6 Sf a 3j>*4« 1 a S, /2 JL 



4s 



1 6 0 0 ^2 

1+— 

2 



3 0 24 0 2 -V2 



20 e Ion \ s 2 2s 2 2p 6 3s 2 3p 6 4s 2 % t_± 

4s 2 0 24 0 2-J2 



133. The system of claim 132, with the radii, r„ , wherein the ionization energy for atoms 
having an outer s-shell are given by the negative of the electric energy, E(electric) , given by: 
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E(Ionization) = -Electric Energy = (gzfell^g! 

except that minor corrections due to the magnetic energy must be included in cases wherein 
the s electron does not couple to p electrons as given by 



Ionization Energy(He) = -~E(electric) + E(magnetic) 



2 7t 



2 



—cos— +a 
,.3 3 J yy 



5 Ionization Energy = -Electric Energy - —Magnetic Energy 



Eiionization; Li) = ^ Z 2 ^ g + AE 



= 5.3 178 + 0.0860 = 5.4038 <?K 

4 

I « * 

E(Ionizaiiori) = E(Electric) + E? 

E«6 n lzatio K Be)=£^ + %^ + M 

*ns 0 r> m]rl "» ,and 

= 8.9216 eF + 0.03226 eK + 0.33040 = 9.28430 eV 
E{Ionizatiori) = -Electric Energy -^-Magnetic Energy— E T , wherein the calculated and 

1 0 measured values and constants recited in the equations herein can be adjusted, for example, 
up to + 10%, if desired. 



134. Hie system of claim 133, wherein the radii and energies of the 2p electrons are solved 
using the forces given by 

15 F e;<= £zlO£l ir 

o n 

F _ ^ (A + H l 

r dJamagnetic 



y-, \i+\m\y. ft , 

^(2^ + l)(^-H)'^.r> J V ^ +1)ir 



z *M 

F n,og 2 = ~ ^T-ylsiS + Wr 
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F. 



diamagnetic 2 



Z-n 



|Z-(»-l)J 



1- 



J2\ 
2 



r 10^(J+l)i r , 



and the radii r, are given by 











1 $ 

z 






< ) 




( 






(Z-3)- 


~{~4~Z, 


)f 






V 




J 



±a. 



1 




'3 



\2 



3 
4 



\ 2 



+ 4- 





"Z-3" 

Z-2 




I 


fi r 

(Z-3)- --- 

U z, 

< 





r, = 



I 



/; in units of a t 



5 135. The system of claim 134, wherein the electric energy given by 

.2 



(z-(«-i)y 

Eijonization) = -Electric Energy = - z — 



gives the corresponding ionization energies. 



1 36. The system of claim 135, wherein for each n-electron atom having a central charge of 
1 0 Z times that of the proton and an electron configuration Is 2 2 s 2 2p"~ 4 , there are two 

indistinguishable spin-paired electrons in an orbitsphere with radii r x and r 2 both given by: 



r j= r 2 = a o 



1 




3 
4 



Z-l Z(Z-l) 
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two indistinguishable spin-paired electrons in an orbitsphere with radii r 3 and r 4 both given 
by: 











'-4 




f 

(Z-3)- 


(\ r 

"U z, 


1} 

t n 






) 



±a. 



1- 




'2 



V 



Mm 



3 
4 



V 



+ JfiM 



(Z-3)- 



U Zj r, 



3 
4 



r, /« unite a,, 

and n -4 electrons in an orbitsphere with radius r n given by 



a e 



(z _ (w . 1)) _f4_JL^ 



1 



20S 



|Z-(»-l)ft 2 



\ 



(Z 



2Z 



J 



V3 



r 3 J 



r 3 in units of a 0 

i 

the positive root must be taken in order that r n > 0 ; 

the parameter A corresponds to the diamagnetic force, ^ diamagfte tic : 
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(^ + H) ! ^ I y 

V ^" e = + 1) (HH) 1 * m rfn + ' 

and the parameter B corresponds to the paramagnetic force, F 2 : 



1 ft 



2 



^ Z m e r„r 3 
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wherein the parameters of five through ten-electron atoms are 
Atom Type Electron Ground Orbital 

Configuration State Arrangement 

Term of 

2p Electrons 
(2p state) 



Diama Param 
gnetic agneti 
Force c 
Factor Force 
A Factor 
B 



Neutral 5 e Atom 


\s 2 2s 2 2p l 


2p0 

•M/2 


t 










B 






1 
1 


U 


.1 

1 


z 


o 

u 


Neutral 6 e Atom 


ls z 2s 2 2p 2 




f 


t 




2 




\[* • - '■■ ■■ .• ■ •'■ 

c 


- 


• 


* 

1 
1 


* 

A 

u 


1 

"1 


3 


A 
V 


Neutral 7 e Atom 


\s 2 2s 2 2p 3 


°3/2 


t 


t 


J_ 


j_ 




N 






1 
1 




-1 


3 


1 
I 


Neutral 8 e Atom 


\s*2s 2 2p A 


3 P 
r 2 


t I 


t 


JL • 






O 






1 

1 


n 
U 


i 


1 


o 
z 


Neutral 9 e Atom 


Is 2 2s 2 2 p 5 


2n0 
r 3/2 


t I 


t 4 


f 


2 




F 






1 

. 1 


A 
U 


i 
-1 


3 


D 


• 

Neutral 10 e Atom 


l/2s 2 2/> 6 




t I 


t 4- 


t I 






Ne 






1 


0 


-l 


0 


3 


5 elon 


ls 2 2s 2 2p l 


r V2 


t 






5 










1 


0 


-i 


3 


1 


6eIon 


\s 2 2s 2 2p z 


r 0 


t 


t 




5 










1 


0 


-l 


3 


4 


7 elon 


ls 2 2s 2 2p 3 


4rt0 
°3/2 


t 


t 


t 


5 










1 


0 


-l 


3 


6 
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8eIon 



,2o„2o J 3 







£ 




0 


-1 


3 


6 


9eIon 


ls 2 2s 2 2p s 




t I 


t I 


t 


5 






■ 




1 


0 


-1 


3 


9 


10 e Ion 


ls 2 2s 2 2p 6 




t I 


1 1 


1 1 


5 










1 


0 


-1 


3 


12 



1 37. The system of claim 1 36, wherein the ionization energy for the boron atom is given 
by 

( Z-4)e 2 
%7is a r s 

= 8.147170901 eK+0.15548501 eV = 8.30265592 eV 
5 wherein the calculated and measured values and constants recited in the equations herein can 
be adjusted, for example, up to + 10%, if desired. 



Etfomzation; B) = \ / + AE mag 



138. The system of claim 137, wherein the ionization energies for the n-electron atoms 
10 having Hie radii, r n ,are given by the negative of the electric energy, E(electric) , given by 

l Yig^ 

E{Ionization) = -Electric Energy = — 



139. The system of claim 138, wherein the radii of the 3p electrons are given using the 
forces given by 



Atzg r 



cftwnagnetic 



-I 



m 



(2t+\)(t-\m\)\Amrfr n 



diamagnttic 



r 2 2 V\ 
3 3 3 J 
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F„„ = 



l ti 



M!2 2m e rX 



F mag 2 = (4+4 + 4)1-^^+5. - 



F. 



1 4ft : 



mag 2 7 2 



Zm e r„r l2 



1 12ft 2 

2 OT « r » r n 



1 4ft 2 r— - 

Z m e r n r n 



5 F. 



1 8fr 



WW 2 7 „2 



and the radii r 12 are. given by 



1 



r (z _ n) _ri_3^ 




r 10 in units of a 0 



140. The system of claim 139, wherein the ionization energies are given by electric energy 
10 given by: 

E(Ionizatiori) = -Electric Energy = ' — . 



141. The system of claim 140, wherein for each n-electron atom having a central charge of 
Z times that of the proton and an electron configuration ls 2 2s 2 2p 6 3s 2 3p"~ 12 , there are two 
15 indistinguishable spin-paired electrons in an orbitsphere with radii r x and r 2 both given by: 
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n = r 2 



— a. 



1 




3 
4 



Z-l Z(Z-l) 



two indistinguishable spin-paired electrons in an orbitsphere with radii r 3 and r 4 both given 



by: 



CU 



1 




3 
4 



\ 



(Z- 



z 




3 
4 



\ 



1- 




3 
4 



\2 



(Z 



-KB)* 



3 
4 



\2 



+ 4 



r 4 =r 3 



(Z-3)-| I-I 




3 
4 



4 ZJ n 



v 



j 



J 



r x in units of a a 

5 three sets of paired indistinguishable electrons in an orbitsphere with radius r l0 given by: 



(; } U4 Zj 



1 



1o 



[ (Z 9) U zj r 3 J 
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two indistinguishable spin-paired electrons in an orbitsphere with radius r 12 given by: 



[ U Z)r w ) 



\2 



1 



Am 



i+ 



Ho 



/ / 




r w in units of a 0 
and w-12 electrons in a 3p orbitsphere with radius r n given by 



On 



-<-»-(f 



2Z 



\ 



1 



20V3 



A" 



]Z-(n-\) 



1 



V2 1 



+— r, 



2 2 



32 



r = 



r 12 in wmte q/* a 0 
5 where the positive root must be taken in order that r n > 0 ; 

the parameter A corresponds to the diamagnetic force, F amnagnetic : 



diamagnetic 



-I 



(^ + H) ! 



^(2£+l)(t-\m\)\4m e rZ 



yfs(s + l)i r , and the parameter B corresponds to the 



12 



paramagnetic force, F mag 2 : 



1 ti 



aag2 Zm e rX 



10 F_, =(4+4+4)1-^-^+1)^ =^r^>/^) i r 



mag 2 



Z m e r n r \2 
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"e'n '12 



_ 1 4% 2 n 



Vn'12 



1 8« 2 /- 



• * 
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wherein the parameters of thirteen through eighteen-electron atoms are 
Atom Electron Ground Orbital Diamagn Paramag 

State Arrangement 
Term of 



Type Configuration 



3p Electrons 
(3p state) 



etic netic 
Force Force 



Factor Factor 
A B 



Neutral h 2 2s 2 2p 6 3s 2 3p l 

13 e 
Atom 
Al 

Neutral \ s 2 2s 2 2p 6 ls 2 3p 2 

14 e 

Atom 
Si 

Neutral b 2 2^2 J p 6 3i 2 3/ 

15 e 
Atom 
P 

Neutral \ s 2 2s 2 2p 6 3s 2 3p A 

16 e 
Atom 
S 

Neutral Is^lp'ls^p 5 

17 e 
Atom 
CI 

Neutral ls 2 2s 2 2p 6 3s 2 lp 6 
18e 

Atom 

Ar 

13 e Ion ls 2 2s 2 2p 6 3s 2 3p l 



2p0 



4 o 0 



'3/2 



1 0 -1 



t t 



1 0 -1 



t t t 



1 0 -1 



% t_i _t t 

1 0 -1 



11 



7 
3 



4 
3 



2 P 3 ° /2 t I t 4 f 2 



10-1 3 



i s 0 u y u i 

1 0 -1 3 



2p0 f 

■•l/z — L 



1 0 -1 



5 
3 



0 



0 



1 



12 
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>2 3 



t t 1 





V 


1 


0 


-1 


3 


16 


15 e Ion \ 5 2 2s 2 2p 6 3s 2 3p 3 


°3/2 


t 


t 


t 








■ 


1 


0 


-1 


0 


24 


16 e Ion l s 2 2s 2 2p 6 3s 2 3p 4 




t I 


t 


t 


1 








1 


0 


-1 


3 


24 


17 e Ion ls 2 2s 2 2p 6 3s 2 3p s 


2n0 


t 4, 


1 1 


t 


2 




■ 




l 


0 


-1 

• 


3 

* 


32 


18 e Ion ls 2 2s 2 2p 6 3s 2 3p 6 




t I 


1 1 


t 4 










l 


0 


-l 


0 


40 



142. The system of claim 141 , wherein the ionization energies for the n-electron 3p atoms 
are given by electric energy given by: 

(Z-(«-l))e 2 
E(Ionizatiori) = -Electric Energy = % ner — * 

o n 

* 

5 

143. The system of claim 142, wherein the ionization energy for the aluminum atom is 
given by 

.2 



EQonization; AT) = (Z 12) * + AE mag 



= 5,95270 <?K + 0.031315 eV = 5.98402 eV 
wherein the calculated and measured values and constants recited in the equations herein can 
10 be adjusted, for example, up to + 10%, if desired. 



144. A system of claim 1 of computing the nature of bound atomic and atomic ionic 
electrons from physical solutions of the charge, mass, and current density functions of atoms 
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and atomic ions, which solutions are derived from Maxwell's equations using a constraint 
that the bound electron(s) does not radiate under acceleration, comprising: 

processing means for processing and solving the equations for charge, mass, and 
current density functions of electron(s) in selected atoms or ions, wherein the equations are 
5 derived from Maxwell's equations using a constraint that the bound electrons) does not 
radiate under acceleration; and 

output means for outputting the solutions of the charge, mass, and current density 
functions of the atoms and atomic ions. 

10 145. A system of claim 1 comprising the steps of; 

a. ) inputting electron functions that are derived from Maxwell's equations using a 

* 1 * . . . _ 

pp * i • • ■ 

» • - • 

constraint that the bound electron(s) does not radiate under acceleration; 

• * ■ 

b. ) inputting a trial electron configuration; 

* 

c. ) inputting the corresponding centrifugal, Coulombic, diamagnetic and paramagnetic 

15 forces, 

d. ) forming the force balance equation comprising the centrifugal force equal to the 
sum of the Coulombic, diamagnetic and paramagnetic forces; 

e. ) solving the force balance equation for the electron radii; 

f. ) calculating the energy of the electrons using the radii and the corresponding 
20 electric and magnetic energies; 

g. ) repeating Steps a-f for all possible electron configurations, and 

h. ) outputting the lowest energy configuration and the corresponding electron radii for 
that configuration. 

25 146. The system of claim 145, wherein the output is rendered using the electron functions. 

147. The system of claim 146, wherein the electron functions are given by at least one of 
the group comprising: 

30 4 = 0 



p(r,0M = ^{S(r - r tt )][r 0 ° (0, </>)+¥? (0J)] 
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A £0 



where Y e m {6 y (f) are the spherical harmonic functions that spin about the z-axis with angular 
frequency a> n with Y^{6,(f) the constant function. Re{r, ra (^^)e to - / } = i , / m (cos0)cos(/w^ + fi)>) 
where to keep the form of the spherical harmonic as a traveling wave about the z-axis, a> n = mco n . 



10 148. The system of claim 147, wherein the forces are given by at least one of the group 
comprising: 



2 "r 



= (z-(*-i)y 

r ele - . o ') 



1 1 ti' 



¥aos AnrfZmf 



15 P 



ft 



diamagnetic 



4m e r 3 r t 



' diamagnetic 



(^ + H) ! 



(2£+l)(£-\m\)\4m e rZ 



>ls(s+V)i t 



diamagnetic 



F 



diamagnetic 



F 



diamagnetic 2 



- ^(2^ + l)(^-H)!4 WI .r> I2 V C 

U 3 3j4m e r„V 12 VV l3j4/« / > 12 vv 

= _r2zll_^10^74i r 
[Z-2]m e r* 



20 F 



diamagnetic 2 



Z-n 



^ 



[Z-( W -1)J 



1- 



A) 


r 3 n 2 


2 


4 



5-107^+1)1, 
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dJamagmifc 2 



-CBS] 



1+ 



'to* 



m e r n 
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r 10^+l)i r 



diamagnctic 2 



Z-« 



_Z-(«-l) 



. 4i \ ji \ 
1-— + +- 

2 2 2 2 



^10^1)1, 



"V- 



1 %%' 



diamagnetic 3 



Z m e r„ : 



1 ft' 



mfls2 Zro e r> 3 
1 4S 2 



V<7Ti)i r 



Z m e r> 3 



OTfly 2 



F 



Z ra,r,r 4 
1 



Z m /n r i2 



= (4+4+4)l-^-V^l)i. - 



1 12ft 2 



p _ 1 4ft 

^ 2 Z*y> 12 



10 F. 



1 8ft : 



yJs(s+V)i T ,aad 



149. The system of claim 148, wherein the radii are given by at least one of the group 



comprising: 




3 
4 



Z-l z(z-i) 



15 
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1 




[3 



\ 



(Z-3)- 



u 



Zj r x 



\ 2 



r 4 =r 3 = 



3 
4 



+4 



f Z-3 " 
|_Z-2_ 



3 
4 



r 



1 



{{ K 1 " U 2Z)r 3 )) 



20^3 



v 



Z-» 



Z-(»-l)j 



i- 



ii 



8 2Z J r, 



3 J 



r 3 in iiwtt a c 



\2 



On 



V (Z-9)-fA_6^ 
t V 1 24 zjr 3 , 



1 



(Z-9)-| 



5 6^ 



24 Z)r 3 )j 



20>/3 



T Z-10 ' 
LZ-9. 



2 



v 



(Z-9)- 



1o = 



24 Z; 



r 3 ; 



r 3 /« m/iiYj o/ a. 
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a. 



, 8 3 



(Z-10) 




4,r ]0 in units of a 0 



3 
4 



4r, 



10 



(Z-ll) 



U Zjr 10 J 



1 



( (1 3 s ! 



20>/3 



/r 



Z-12 
Z-ll 



r » )) 

\ \ 



( >[2 
1+— 
2 



U Zjr 10 J 



(Z-ll) 



1* = 



r, 0 /« u/j/to o/ 0 O 



\ 2 



a, 



i 



V3 



\ 



i2 y; 



20>/3 



/r 



Z-n 



Z-(n-l) 



1 



2 2 



r 12 



(z-(»-i))-( 7 -^J 



r 12 J 



r = 



r 12 itf units of a 0 



«0 




'TZ j 




f(Z-(n-l))- 


1 8 2Zjr m> 



±0, 



1 + (C-Z>)§ 



f(Z-(n-l))-(| 



2Zj r 



/r 



20^3 



Z-n 



Z-(n-l) 



m 



(Z-(«-l))- 




1 8 2Z>kj 



r in wnto 0/ <* c 
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1 50. The system of claim 149, wherein the electric energy of each electron of radius r n is 
given by at least one of the group comprising: 

%™ 0 r„ 



5 Ionization Energy(He) = -E{electric) + E(magnetic) 



1-- 

2 



I? 2 *Y* 11 

—cos— +a 

[h 3J JJ 



Ionization Energy = -Electric Energy — -Magnetic Energy 

Z 

E{Ionizatiori) = -Electric Energy — -Magnetic Energy - 



E(ionization\ Li) = — — + A£ 



EQonization; E) = ^ ^— + A£, 



= 53 178 eV + 0.0860 = 5.4038 

2 



8*V, 

= 8.147170901 + 0.15548501 eV = 8.30265592 
Eiiomzation; Be) = \ - + ™ , + AS., 

= 8.9216 eV + 0.03226 0.33040 eV = 9.28430 

E(ionization; Na) = -Electric Energy = ^ — = 5.12592 

8«s 0 r„ 

wherein the calculated and measured values and constants recited in the equations herein can 
be adjusted, for example, up to ± 10%, if desired. 



15 151. The system of claim 150, wherein the radii ofs electrons are given by 
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r 



a* 



1+(C-D) 



2Z 



> + (c-»)§ 

z 



v 



^ V )} U 2ZjrJJ 



20^ 



r 



+ 



Z-n 



Z-{n-l) 



\ 



Er. 



m 



(Z~(«-l))- 



(A B^ 




^8 2Zj 





r m in units of a 0 

where positive root must be taken in order that r n > 0 ; 

Z is the nuclear charge, n is the number of electrons, 
r m is the radius of the proceeding filled shell(s) given by 





f R\ 
1+(C-D)§ 




r 

(Z-(»-l))- 


(A B s 
^8 2Z, 


J? 




1+(C-D) 



V3 
2Z 



(Z-(«-l))- 



2<h/3 



A_B^\S 



Z-n 



\yZ-{n~\)\ 



Er. 



m 



(Z-(»-l))- 



8 2Zjr m> 



r OT in units of a t 



for the preceding s shell(s); 
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r 



r 3 ; 



1 



2<K/3 



Z-(n-l)J^ 2 



\ 



(Z-(h-I))- 



v 



U 2zjr, 



r = 



r 3 in wwto of a Q 



for the 2p shell, and 



1 



( z-(„.)Hf£)# 



\ 



12 



r l2 in units of a 0 

for the 3p shell; 

5 the parameter A corresponds to the diamagnetic force, V aamtt&tetfe 

tt 2 



diamagnetic 



4m e r 3 V, 



the parameter B corresponds to the paramagnetic force, F mog 2 : 
the parameter C corresponds to the diamagnetic force, F^^^ 



10 F 



1 8fi : 



diamagnetic 3 



the parameter Z) corresponds to the paramagnetic force, F, 



mag 
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mag A 2 r? _3 



4arr 2 2 Z m e r 



<Js(s + 1) , and 



the parameter £ corresponds to the diamagnetic force, F tffl/Wfl!grfe£fc 2 , due to a relativistic effect 



with an electric field for r>r tt : 



diamagnetic 2 



F 



diamagnetic 2 



lZ-2\m c r* 

-[ 



Z-ll 
Z-10 



1+— 

v 2 J 



10^0+1)1,, and 



diamagnetic 2 



Z-n 



|Z-(«-l) 



1- 



^2 1 

— +— 

2 2 



V2 1 

1 

2 2 



\ 



^10^Tl)i r 
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wherein the parameters of atoms filling the Is, 2s, 3s, and 4s orbitals are 

Atom Electron Ground Orbital Dia Para Dia Para Diamag 

Type Configuration State Arrangemen mag. mag. mag. mag. . 

Term t Fore Fore Fore Fore Force 



of 



Factor 



s Electrons Fact Fact Fact Fact E 



(s state) 



or or or or 
A B C D 



Neutral \ s x 
le 

i ♦ 

Atom 
H 

Neutral ij 2 
2e 
Atom 
He 

Neutral 2s l 
3e 
Atom 
Li 

Neutral 2s 2 
4e 
Atom 
Be 

Neutral h^lp'ls 1 

lie 

Atom 

Na 

Neutral b 2 2s 2 2/> 6 3s 2 

12 e 

Atom 

Mg 



%2 -1 



1/2 



'1/2 



Is 



X 1A 

Is 



2s 



t_4 
2s 



i 
3s 



3s 



1 



1 



1 



1 



0 0 



0 0 0 1 



0 



1 



12 1 



0 



0 



0 0 0 0 



0 



0 8 0 0 



WO 2007/051078 PCT/US2006/042692 

897 

Neutral \s i 2s i 2p 6 'Ss l lp 6 4s l 2 S m _T_ 

19 e 4s 2 0 12 0 0 
Atom 

K 

Neutral 1j 2 2j 2 2j? 6 3s 2 3/> 6 4s 2 \ t_i 

20 e 4s 1 3 24 1 0 
Atom 

Ca 

lelon i s l *s m t 



Is 0 0 0 0 0 



2 elon \ s 2 *s o t_i 



Is 0 0 0 1 0 



3eIon 2s l 2 S m t 



2s 1 0 0 0 1 



4eIon 25 2 'S 0 



2s 10 0 11 



11 elon \ s 2 2s 2 2p 6 ls l a fi^ 



3s 1 4 8 0 Jj 

1+^- 
2 



' 12 elon ls 2 2s 2 2 j p 6 3s 2 'S,, t_i 

3s 1 6 0 0 Jo 

1+^=- 
2 

19 elon l^ 2 2^ 2 2/; 6 3^ 2 3p 6 4J , X2 _1_ 

4s 3 0 24 0 

20 elon l J 2 2j 2 2 J p*3j 2 3/»*4* 3 % t_i 

4s 2 0 24 0 2-V2 
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1 52. The system of claim 151, with the radii, r n , wherein the ionization energy for atoms 
having an outer s-shell are given by the negative of the electric energy, E(electric) , given by: 

rrrr • , ■ x vi „ v (Z-(n-l))e 2 
E(Iomzation) = -Electric Energy = — 

8^ff n r n 

except that minor corrections due to the magnetic energy must be included in cases wherein 
5 the s electron does not couple to p electrons as given by 



Ionization Energy{He) = -E(electric) + E(magnetic) 



' iff 2 «y * 

1 — —cos— 



Ionization Energy = -Electric Energy — ^-Magnetic Energy 

2> 



2 



EQonization; Li) = — — + A£ 

%7V€J\ 



o'3 

= 5.3178 eV +0.0860 eV = 5.4038 <?F 



Eilonizatiori) = E(Electric) + i? r 

10 o7re o r 4 m jl » 311(1 

= 8.9216 eK + 0.03226*F+0.33040 eV^92B430eV 

E(Ionization) = -Electric Energy — - Magnetic Energy - 2? r 

wherein the calculated and measured values and constants recited in the equations herein can 
be adjusted, for example, up to + 10%, if desired. 

15 153. The system of claim 1 52, wherein the radii and energies of the 2p electrons are solved 
using the forces given by 

O n 



(£+\m\)\ I 

^dlamagnetic ~ "L ^^Z^^f 



r 3 



* Z mr k 



1 W 



20 F mflP ,=--^-J^+l)i r 
" u " s2 Zmrlrr K Jt 
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e if j 



F 



dlama&tettc 2 



Z-n 



[Z-(n-l)\ 



1-— 



r 3 & 



7 10Vi(5 + l)i r , 



and the radii r 3 are given by 



1 




3 
4 



(2-3)- 



ri 

4 



13 

Z ' 



r 4 =r 3 




(Z-3)- 



r x in units of a c 



1 54. The system of claim 1 53, wherein the electric energy given by 

x „ (Z-(«-l))e 2 
E(Ionization) = -Electric Energy ~ — 



gives the corresponding ionization energies. 

♦ 

10 155. The system of claim 1 54, wherein for each n-electron atom having a central charge of 
Z times that of the proton and an electron configuration Is 2 2s 2 2 p n " 4 , there are two 
indistinguishable spin-paired electrons in an orbitsphere with radii r x and r 2 both given by: 
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3 
4 



Z-l Z(Z-l) 



two indistinguishable spin-paired electrons in an orbitsphere with radii r 3 and r 4 both given 
by: 



Or 



1- 




3 
4 



v 



J 



(Z- 



3Hl 



Zj r, 



3 
4 



1 




3 
4 



\2 



_ V 



(Z 



3 
4 



\2 



+ 4 



(Z-3)- 



U Zj r, 



3 
4 



) 



r A in units of a 0 

5 and n - 4 electrons in an orbitsphere with radius r n given by 



V 



,4 

1,8 2zJrJ 



1 



V 



(z _ ( „_ 1)) _^___j_j 



20V3 



Z-n 



Z-(n-l) 



/J 



V 



/ J 



(Z -(*-!))- 



V 





1^ 


^8 2ZJ 





n 



k in units of a Q 
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the positive root must be taken in order that r n > 0 ; 

the parameter A corresponds to the diamagnetic force, F AaBMlglMf<ff : 



F 



diamagnctio 



t J (2^+l)(^-m)!4;n e r>3 V 



and the parameter B corresponds to the paramagnetic force, 2 : 



F mag 2 = ^—T-Jsis^h , and 



mas 2 Z ffi e r> 3 V r 
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wherein the parameters of five through ten-electron atoms are 
Atom Type Electron Ground Orbital 

Configuration State Arrangement 

Term of 

2p Electrons 
(2p state) 



Diama Param 
gnetic agneti 
Force c 
Factor Force 
A Factor 
B 



Neutral 5 e Atom 


ls 2 2s 2 2p l 


2n0 

r \n 


t 










B 






i 
1 


0 - 


1 

•1 


2 


0 


Neutral 6 e Atom 


ls 2 2s 2 2p 2 


3 P 


t 


t 




2 




• 

c 






l 


0 


-1 




0 


Neutral 7 e Atom 


ls 2 2s 2 2p 3 


<1r.O 

°3/2 


t 


t 


t 


i 




N 






1 


0 


1 

-1 




1 


Neutral 8 e Atom 


ls 2 2s 2 2p* 


3 P 
r l 


t I 


t 


t 






_ — i 

O 






1 


0 


-1 


-A 

1 


2 


Neutral 9 e Atom 


\s 2 2s 2 2p s 


2n0 


t 4- 


t 4 


t 


2 




F 






1 


0 


-1 


3 


3 


Neutral 1 0 e Atom 


\s 2 2s 2 2p 6 




t i 


f I 


t 4 






Ne 

* 






1 


0 


-1 


0 


3 


5 elon 




2p0 
r l/2 


t 






5 










1 


0 


-1 


3 


1 


6eIon 


\s 2 2s 2 2p 2 


r o 


t 


t 




5 










1 


0 


-1 


3 


4 


7 elon 


\s 2 2f2p 3 


^3/2 


t 


t 


t 


5 










1 


0 


-1 


3 


6 
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8eIon 


Ly 2 25 2 2p 4 


3 P 
r i 


t I 


t 


t 


5 










I 
1 


o 


-1 


3 


\y 


9eIon 


\s l 2^2p s 


2p0 
r 3/2 




t I 


t 


• 

5 










1 


0 


-1 


3 


9 


10 e Ion 


ls 2 2s 2 2p 6 




t I 


t I 


t I 


5 










1 


0 


-l 


3 


12 



156. The system of claim 1 55, wherein the ionization energy for the boron atom is given 

* . ■ ■ 
by 

2 



E(iomzation; B) = ^ Z ^ + AE^ 



= 8.147170901 *K+0.15548501 eV = 8.30265592 
5 wherein the calculated and measured values and constants recited in the equations herein can 
be adjusted, for example, up to + 10%, if desired, 

157. The system of claim 1 56, wherein the ionization energies for the n-electron atoms 
having the radii, r n ,are given by the negative of the electric energy, E(electric) , given by 

10 E(Jonization) = - Electric Energy = — — ^ , 

%nejr n 



158. The system of claim 1 57, wherein the radii of the 3p electrons are given using the 
forces given by 
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F. 



i n- 



mog2 Zm,rX 



F^ l =(4+4 + 4)-i-^ r - > ^i r = 1 m 



2 



2 m e r„ r n 



Zm e r n r u 



V^+l)i r 



F. 



1 4ft 



mag 2 7 1 



I i — ■■ ■ 



F. 



1 4ft : 



"■"S 2 "7 »2_ 



5 F 



1 8ft 2 



Z m t r n r n 



and the radii r n are given by 



1 



r i2 




r 10 fn i/wfs q/* a 0 



159. The system of claim 158, wherein the ionization energies are given by electric energy 
10 given by: 

E(Ionizatiori) = -Electric Energy = — — - W . 



1 60. The system of claim 1 59, wherein for each n-electron atom having a central charge of 
Z times that of the proton and an electron configuration Is 2 2s 2 2p 6 3s 2 3 p n ~ n , there are two 
1 5 indistinguishable spin-paired electrons in an orbitsphere with radii r x and r 2 both given by: 
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two indistinguishable spin-paired electrons in an orbitsphere with radii r 3 and r 4 both given 



by: 




r x in units of a 0 

5 three sets of paired indistinguishable electrons in an orbitsphere with radius r 10 given by: 




r 3 in units of a 0 
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Z-l Z(Z-l) 
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two indistinguishable spin-paired electrons in an orbitsphere with radius r 12 given by: 



a* 



( (I 3} 



r io ) 



1 



K^frfifJJ 



■ 

■ ■ ■ • • • 
and #-12 electrons in a 3p orbitsphere with radius r n given by 



a 



0 



i 



(Z _(„_!))_ 



U 2Z)r Q )) 



2(W3 



rr 



Z-n 



[Z-(»-l)J 



2 2 



V 



(Z-(w-l))- 



r = 



^8 2Z 



J 



r 12 in units of a 0 
5 where the positive root must be taken in order that r n > 0 ; 

the parameter A corresponds to the diamagnetic force, V aamagneUc : 



diamognettc 



-I 



(<+H)l 



(2^+l)(^-H)!4m e r> 12 



^2 

— — yjs{s + l)i r , and the parameter 5 corresponds to 



the paramagnetic force, F mag 2 : 



1 ti 



F = 



l 



1 I2ti 



10 F^ 2 =(4+4+4)^ r ^^(^ir=4rr f ?^A/^+^ i r 



Z m e r n r n 



Zm e r„r l2 
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F 



mag 2 



1 4ft : 



mag 2 g J 



F = 

mag 2 



1 4ft 2 

1 8ft 2 
Z m e rlr n 



Js(s+l)i t , and 

i 

k ■ 



wherein the parameters of thirteen to eighteen-electron atoms are 
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Ground Orbital 

State Arrangement 

Term of 

3p Electrons 
(3p state) 



Diamagn Paramag 
etic netic 
Force Force 
Factor Factor 
A B 



2 P°. f 11 



13 e 




1 


0 - 


1 


3 


0 


Atom 














Al 














Neutral Is 2 2s 2 2 p 6 3s 2 3 p 2 . 




t 


t 




7 




14 e 




1 


0 


-1 


3 ' 


0 


■ 

Atom 










« 




Si 




» » 










Neutral Is 2 2s 2 2 p 6 3s 2 3 p 3 


4ri0 
•^3/2 


t 


t 


t 


5 




15 e 




1 


0 


-1 


3 


2 


Atom 














P 


* 












Neutral l s 2 2s 2 2p 6 3s 2 3p 4 


^2 


t \ 


t 


t 


4 




16 e 




1 


0 


-1 


3 


1 


AtfYIYI 














S 














Neutral ls 2 2s 2 2p 6 3s 2 3p 5 


2pO 


t I 


1 4- 


t 


2 




17 e 




1 


0 


-1 


3 


2 


Atom 














a 














Neutral \ s 2 2s 2 2p 6 3s 2 3p 6 


X 


t I 


t I 


t I 


1_ 




lSe 




1 


0 


-1 


3 


4 


Atom 














Ar 














13 e Ion \ s 2 2s 2 2p 6 3s 2 3p x 


2p0 

■M/2 


t 






5 








1 


0 


-1 


3 


12 
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14 e Ion l5 2 2^2p 6 35 2 3/7 2 


3p 
0 


t 


t 




1 








1 


0 


-1 


3 


16 


15 e Ion ls 2 2s*2p 6 3s 2 3p 3 


^3/2 


JL 


f 


_t_ 






- 




i 


0 


-1 


0 


24 


16 e Ion Ly 2 2* 2 2/? 6 3s 2 3/> 4 




t 4- 


t 


t 


1 








l 


0 


-1 


3 


24 


17 e Ion l5 2 2s 2 2 j p 6 3s 2 3i? s 


* 

2nO 


t I 


t I 


t 


2 






i 


l 


0 


-1 


3 


32 


18 e Ion U 2 2s 2 2p 6 3s 2 3p 6 




t I 


t I 


1 1 
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161. The system of claim 1 60 wherein the bond comprises a H 2 -type MO with two paired 
electron wherein the formation of the H 2 -type MO by the contribution of an electron from 
each participating atom results in a diamagnetic force between the remaining atomic electrons 
5 and the H 2 -type MO which causes the H 2 -type MO to move to greater principal axes than 

would result with the Coulombic force alone. 



162. The system of claim 161 wherein the integer increase of the central field and the 
resulting increased Coulombic as well as magnetic central forces on the remaining atomic 
10 electrons of each atom decrease the radius of the corresponding shell such that the energy 
minimum is achieved that is lower than that of the reactant atoms. 



15 



163. The system of claim 162 wherein the general equation for the central Coulomb force 
on the outer-most shell (nth where n = Z - 1) electron due to the nucleus and the inner 
electrons is given by: 
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164. The system of claim 163 wherein the general equation for V <Bamagnette due to the p - 
orbital contribution is given by 

ti 2 13. 



1 65. The system of claim 1 64 wherein the general equation for F^ 2 is given by 



F^ 2 = 5i^V^Ti)i r 
L m 0 r n r 3 



10 166. The system of claim 165 wherein the general equation for Y dlamagn8tic 2 due to the 
binding of the p-orbital electron having an electric field of +1 outside of its radius is given by 



diamagnetic 2 



1 67. The system of claim 1 66 wherein the general equation for Y mag 3 , due to the 

■ 

15 contribution of a 2/> electron from each binding atom in the formation of the a MO that 
gives rise to a paramagnetic force on the remaining two 2p electrons that pair, is given by 

*^ 3 = C-^JI(^i, 



mag 3 

*e' n 



4mri 



168. The system of claim 167 wherein the parameters A , B , and C are zero or a positive 
20 integer such that the resulting energy of the molecule is minimized and the electron angular 
momentum is conserved in the formation of the specie. 



25 



169. The system of claim 168 wherein the radius of the 2p shell is calculated by equating 

the outward centrifugal force to the sum of the electric and diamagnetic and paramagnetic 
forces: 
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2e : 



4ns 0 r„ 



1 



-A 



ti 



1 



12w e r„ r 3 
4? 



*2 . 



\ 



Z»y;r 3 



10V^+1) +C-^-rV^ +1 ) 



1 70. The system of claim 169 wherein the radius of the 2p shell is calculated by equating 
the outward centrifugal force to the sum of the electric and diamagnetic and paramagnetic 



h 1 

5 forces where the velocity given by v n = and s = — gives: 



n 2 c h 2 13 



2e 2 A h 2 
-A 



m e r- Am/ n \ 4. . 4ss 0 ?£ 12»y.r 3 )|4 -,. V6 , 3 



Zm.rlr, V 4 




2 



\ 



l- 



r„m e 



171. The system of claim 170 wherein the general equation for the radius of the shell of the 
remaining electrons is given by 



10 



a. 



1-C 



V 



8 



J 



r 



1-C 



8 



[ {12 Z)2r 3 )) 



r 6 




' r 3 in units of a 0 



1 72. The system of claim 171 wherein the radii r 3 are given by 
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z 

V. J 




< 


1} 

J 



r 4 =r 3 



_ v 



1- 




3 
4 




3 
4 



+4 7 — - 



Z-3 
Z-2 



^4 



(Z-3)-|i-i N 



J 



r x in units of a c 



173. The system of claim 172, wherein for each n-electron atom having a central charge of 
Z times that of the proton and an electron configuration ls 2 2s 2 2p n ~ 4 , there are two 
5 indistinguishable spin-paired electrons in an orbitsphere with radii r x and r 2 both given by: 



1 




3 
4 



Z-l Z(Z-l) 



and two indistinguishable spin-paired electrons in an orbitsphere with radii r 3 and r 4 both 
given by: 
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1- 



V 



f 



(Z-3)- 



r 4 =r 3 



_ v 



i 



v 







i 




V4 




z 




> 








r 









1- 




1 



\2 



Yi i 

(2-3)- 1 1 




3 
4 



\ 2 



+4 



2-3 
2-2 



4 2; r t 



(2-3)- 



U 2 J r, 



3 
4 



174. The system of claim 173 wherein the sum E T [molecule, AOs) of the Coulombic 

energy change of the AO electrons of both atoms of a bond is given by using the initial 
5 radius r n of each atom and the final radius r n _ x of the binding shell of each atom and by 

considering that the central Coulombic field decreases by an integer for each successive 
electron of the shell: 



E T (rnolecule,AOs)= "j? (Z m)e 




(Z-m)e : 



where the subscript designates atom 1 and atom 2 of the bond. 



10 



175. The system of claim 174 wherein the forces on the electrons of the MO are the 
Coulombic force: 

_2 



E 



Coulomb 



%7ts d ab 



DL; 



2 



the spin pairing force: 
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sp.n-fa.nng ^ fl2& 



the diamagnetic force: 



diamagneilctAOX 



4m e a b 



where w c is the total number of electrons that interact with the binding a -MO electron, the 
5 force on the pairing electron of the a MO: , 

i \L\n 

* diamagneticMOl g q 2 J} 2 * 



where |Zj is the magnitude of the angular momentum of each atom at a focus that is the 
source of the diamagnetism at the cr -MO, and the centrifugal force: 

h 2 

^cemrifugaiMo ~ TT > w h erein ^ f° rce balance of the centrifugal force equated 

10 to the Coulombic and magnetic forces is solved for the length of the semimajor axis. 



1 76. The system of claim 175 wherein the force balance equation for the a -MO with 
» e = 2 and \L\ = ft is 



m e a 2 b 2 



Z> = 



%jte 0 ab' 



D- 



\ 



2m e a 2 b 2 



D 



15 



177. The system of claim 176 wherein the force balance equation for the a -MO with 

-ft is 



ft 



m e a 2 b 2 



D = 



%7is 0 ab' 



D+ 



2m.aV 



D- 




3 

— + 
2 Z 



3 
4 



\ 



ft : 



2m e aV 



D 
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178. The system of claim 177 wherein the force balance equation for the a -MO n t = 2 , 
and|L| = ft: 



ft* e 1 _ ft 2 _ f5 n h' 



D = — - — — ^rD- 



m e aW ine 0 ab 2 2m e a 2 b 2 

(7 1, 
U 2Z. 1 0 



— + 



{2 2ZJ 



2m e a 2 b 2 



D 



a = 



1 79. The system of claim 1 78 wherein the Coulombic force is 



e 2 

* c °°>«* ~ Sxe 0 ab 2 h ' 
Ite spin pairing force is 

fr 2 

10 F — Di 

1U " 2m a 2 b 2 h 

the force on the electrons of the MO due to two paired electrons in at least one shell with 
n e =2 is 

F — Di • 

*■ dlamagneticMOl * 5 

the force F rfflBKWJtf&W02 * s S* ven by ^ e sum of ^ e contributions over the components of 
1 5 angular momentum III of the atoms at the foci acting on the electrons of the a -MO: 



F - V L^j ft D\ and 

the centrifugal force is 



2 



f h n\ 

r centrifi S galMO ~ ^2^2 ' 



20 180. The system of claim 1 79 wherein the force balance equation for the cr -MO of the 
carbon nitride radical comprising carbon with charge Z l =6 and |Zj| = tt and ji^ = and 
nitrogen with Z 2 =7 and (X^J = ti is 
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( 



mjb* 



2l2 



&7ts 0 ab 2m e a b 



1 1 V4 1 
1+ — + J r L + 



Zj Z, Z 2 



2m e a 2 b 2 



D 




2+— — 
Zj Z 1 Z 2 



181. The system of claim 1 80 wherein the Coulombic force is 

2 



Coulomb 



the spin pairing force is 



F 

cnfn- 



ft 5 



spin-pairing 3 2& 2 « 

the force on the electrons of the MO due to two paired electrons in at least one shell with 
n t = 2 is 



10 



F 



diamagneUcMOX 



2ma z b 



2 1.2 



the force F to ^ wtf£A ^2 * s given by the sum of the contributions over the components of 



angular momentum \L\ of the atoms at the foci acting on the electrons of the cr -MO: 



^Zj2m e a z b' 



the centrifugal force is 



15 



centrifugalMO 



m 



ctb 



1 82. The system of claim 181 wherein the force balance equation for the a -MO of the 
carbon nitride radical comprising carbon with charge Z, = 6 and [1^ = 72 and ]l^| = ^-fi and 
nitrogen with Z 2 = 7 and = h is 
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h 2 



.2 



m.a 2 b 2 



D = 



D+ 



D- 




1+ — + J - L +— 
Z, Z, Z 3 



2m e a 2 b 2 



D 



a = 




2+ — + JL - L + — 
Z, Z l Z 2 



1 83. The system of claim 1 82 wherein the Coulombic force is 

2 



f - Pi • 



the spin pairing force is 



h 2 





the force on the electrons of the MO due to two paired electrons in at least one shell with 
«„ = 2 is 



10 



F 



diamagmticMOl *2fft Ct^b^ ^ 



the force F* * : 



is given by the sum of the contributions over the components of 
angular momentum \l\ of the atoms at the foci acting on the electrons of the a -MO, and the 



sum of the contributions from atom 1 with Z = Z 1 and atom 2 with Z = Z 2 with \L\ = ti is 



dlamagnelicMOl 



1 O 
— + — 

z, zj 



2m e a 2 b 2 



Di f , and 



15 the centrifugal force is 



^centrtfitgalMO ~ _ 2, 2 ^5 ' 



1 84. The system of claim 1 83 wherein force balance equation for the a -MO of the carbon 
monoxide molecule is 



20 



m e a 2 b 2 



D = 



e 



r 



D+ 



2m 4 a 2 b 2 



1 + 



1 1 1 



2/y 



2m e a 2 b 2 



D 
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a- 



'oil' 
2+— + 



v 



z x z 



2j 



1 85. The system of claim 1 84 wherein the Coulombic force is 

2 



E 



Coulomb 



2~*t 



5 the spin pairing force is 



.2 



F 



spin- pasting ~ J^tf < 

the force on the electrons of the MO due to two paired electrons in at least one shell with 
n e =2 is 



F. 



diamagnettcMOX 



2m e a*b 



10 the force F 



diamagneiicMOl 



of the nitric oxide radical comprising nitrogen with charge Z, = 7 and 



\l\ = h and [L^ = <J—h and oxygen with Z 2 = 8 and = h given by the corresponding sum 
of the contributions is 



F 



diamagnelkM02 




1 V4 1 

%i %i Z 2 



2m orb 



Die, and 



2,2 



the centrifugal force is 



15 



F 



centrffitgalMO 



m e a b 



n •> Die 

2*2 $ 



1 86. The system of claim 185 wherein the general force balance equation for the a -MO of 
the nitric oxide radical is the same as that of CN : 



m 



Z) = 



Z) + 



Ti' 



2m e a 2 b 2 



D- 




i 1 1 

1+ — 

2j Z| 



2m t a 2 b 2 



D 
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a- 




Z, Zj Z 2 



where Z x =7 and Z 2 =8 for M? and Zj =6 and Z 2 = 7 for CN . 



1 87. The system of claims 186 and 63 wherein the distance from the origin of the H 2 -type- 
5 ellipsoidal-MO to each focus c ' , the internuclear distance 2c 1 , and the length of the 

semiminor axis of the prolate spheroidal Z/ 2 -type MO * = c are solved from the semimajor 
axis a. 



188, The system of claim 1 87 wherein the potential energy of the two electrons in the 
10 central field of the nuclei at the foci is 



K = W 2 



-2e : 



a+->Ja 2 -b 2 
%nejc?-b 2 ™ a-4a 2 -b 2 ' 



In 



The potential energy of the two nuclei is 



%neAa 2 -b 2 ' 



15 



The kinetic energy of the electrons is 

ft 2 



. a+Jcf-b 2 , 
, - —<—r In r ■ , and 

2m e aja 2 -b 2 a-Ja 2 -b 2 



The energy, V m , of the magnetic force between the electrons is 



h £±4EE,and 



4m e ay}a 2 -b 2 a - Va 2 -6 2 



the total energy, £p , is given by the sum of the energy terms plus £ {AO) : 



2? r = 



20 



8ot p Vo 2 -6 2 



o 
.2 



c,c 2 



J a 2 -b' 



a) a-y/a 2 -b 2 



-1 
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where i\ is the number of equivalent bonds of the MO, c t is the fraction of the if 2 -type 
ellipsoidal MO basis function of a chemical bond of the specie, c 2 is the factor that results in 
an equipotential energy match of the participating at least two molecular or atomic orbitals of 
each chemical bond, and E(AO) is the energy of the at least one atomic orbital to which the 

5 MO is energy matched. 

1 89. The system of claim 188 wherein during bond formation, the electrons undergo a 
reentrant oscillatory orbit with vibration of the nuclei, and the corresponding energy E osc is 
the difference between the Doppler and average vibrational kinetic energies: 

10 E BSC = E D + E Kvii ,and 

> > 

the total energy is 

E T ~K+f+r m +r,-¥E m . 

190. The system of claim 1 89 wherein during bond formation, the electrons undergo a 
15 reentrant oscillatory orbit with vibration of the nuclei, and the corresponding energy is 

the difference between the Doppler and average vibrational kinetic energies: 

the total energy is 

=V + r + F +V +E 



-^4 

where R is b or a , r\ is the number of equivalent bonds of the MO, c x is the fraction of the 
i/ 2 -type ellipsoidal MO basis function of a chemical bond of the specie, c 2 is the factor that 
results in an equipotential energy match of the participating at least two molecular or atomic 
orbitals of each chemical bond, and E(AO) is the energy of the at least one atomic orbital to 

25 which the MO is energy matched. 
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191. The system of claim 190 wherein the bond comprises a if 2 -type MO with four paired 
electron wherein the formation of the H 2 -type MO by the contribution of two electrons from 
each participating atom results in a diamagnetic force between the remaining atomic electrons 
and the H 2 -type MO which causes the H 2 -type MO to move to greater principal axes than 

5 would result with the Coulombic force alone. 



192. The system of claim 191 wherein the integer increase of the central field and the 
resulting increased Coulombic as well as magnetic central forces on the remaining atomic 
electrons of each atom decrease the radius of the corresponding shell such that the energy 
1 0 minimum is achieved that is lower than that of the reactant atoms. 



193. The system of claim 192 wherein the general equation for the central Coulomb force 
on the outer-most shell (nth where n = Z~2) electron due to the nucleus and the inner 
electrons is given by: 

3e 2 

15 F e/e = T~"T i r 



forr>r„_ l . 



194. The system of claim 193 wherein the general equation for F^^^ due to the p - 
orbital contribution is given by 

20 *W* - -^i^^rVf 1 ' 



195. The system of claim 194 wherein the general equation for 2 is given by 



„ 1 h /— — — 



Z m t r n r 3 



25 

1 96. The system of claim 195 wherein the general equation for V aamgnc , ie 2 due to the 
binding of the p-orbital electron having an electric field of +2 outside of its radius is given by 
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m t r n 



922 
T 10V^+l)i r 



1 97. The system of claim 1 96 wherein the general equation for 3 > due to the 
contribution of a 2p electron from each binding atom in the formation of the a MO that 
5 gives rise to a paramagnetic force on the remaining two 2p electrons that pair, is given by 



m °* 3 = w 



V^Ti)i r 



't'n 



198. The system of claim 197 wherein the parameters A, B, and C are zero or a positive 
integer such that the resulting energy of the molecule is minimized and the electron angular 
1 0 momentum is conserved in the formation of the specie. 



1 99. The system of claim 1 98 wherein the radius of the 2p shell is calculated by equating 
the outward centrifugal force to the sum of the electric and diamagnetic and paramagnetic 
forces: 



15 



my n 



3e' 



-A 



Zm e r n r 3 



i. 1.3 A 2 Jr> e " 4m e r„ ) 



(13.626) 



200. The system of claim 1 99 wherein the radius of the 2 p shell is calculated by equating 
the outward centrifugal force to the sum of the electric and diamagnetic and paramagnetic 



h 1 

forces where the velocity given by v„ = and s = — gives: 



m e r„ 



20 C fiZ 




3e 



2 



4 4;n? 0 r„ 



-A 



\2mrfr 3 M 4 




- + B 



Zm e rfc \ 4 




2 



2 )r n m e 



201 . The system of claim 200 wherein the general equation for the radius of the shell of the 
remaining electrons is given by 
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8 



3 (A 

{ U2 Z)2r 3j 



n = 



l-C 



s 



\ (A_ B\S 
Z)2r 3 ) 

V2 



\ 



12 Zj2r, 



3y 



r 3 en wwto o/* a Q 



202. The system of claim 201 wherein the radii r 3 are given by 



1 




3 
4 



(2 



3 
4 



1- 




3 
4 



\2 




3 
4 



\2 



+ 4- 



r 4 = r 3 



v 



(Z 



j 



j 



r x in units of a c 



203. The system of claim 202, wherein for each n-electron atom having a central charge of 
Z times that of the proton and an electron configuration Is 2 2s 2 2 p n ~* , there are two 
indistinguishable spin-paired electrons in an orbitsphere with radii r x and r 2 both given by: 
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n =r 2 



= a. 



1 




z-i z(z-i) 



and two indistinguishable spin-paired electrons in an orbitsphere with radii r 3 and r 4 both 



given by: 



1- 




3 
4 



Mm 



3 
4 



±a. 



1 




3 
4 



\ 2 



(Z-3)- 



n n 



V4 Z; r, 




\2 



(2 



3 
4 



>*4=>3 



/i in units of a c 



204. The system of claim 203 wherein the force balance of a double-bond MO corresponds 
to that of a second pair of two electrons binding to a molecular ion having +2e at each focus 
and a first bound pair such that the forces are the same as those of a molecule ion having +e 
at each focus. 



10 



205. The system of claim 204 wherein the forces on the electrons of the MO are the 
Coulombic force: 



£ n . 

Coulomb ~ n r2 UX $ 5 



&ft€ n ab 4 



the spin pairing force: 
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ft 2 

the diamagnetic force: 

_ n,h 2 _ 

T7 1 e rys 

^dtamagwtlcMOl ^ ^2^2 4 

where w is the total number of electrons that interact with the binding cr -MO electron; 
5 the force on the pairing electron of the cr MO: 

1 |£|» n 

*diamag»cUcM02 ^ 2#J (ftf 

ft 

where jl| is the magnitude of the angular momentum of each atom at a focus that is the 

source of the diamagnetism at the cr -MO, and 
the centrifugal force: 

h 2 

the force balance of the centrifugal force equated to the Coulombic and magnetic 
forces is solved for the length of the semimajor axis. 

206. The system of claim 205 wherein the forces on the electrons of the N0 2 MO are the 
15 Coulombic force: 

2 

the spin pairing force: 

the diamagnetic force V aama&tetitMOl for each a -MO of the N0 2 molecule due to the 
20 two paired electrons in the 02p shell with n e -2: 

F = %2 D\ 

* dtimtagneitcMOl a 2 fo 2 * 



which is also the corresponding force of NO ; 

^diamagneticMoi °f the nitrogen dioxide molecule comprising nitrogen with charge Z, = 7 
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and 1^1 = 72 and [l^ = and the two oxygen atoms, each with Z 2 = 8 and Jz^j = h given 



by the corresponding sum of the contributions: 

r 

1 



F 



dtamagnetlcM02 




Z-y 2j Z^ 







2 


h 2 




2m e a 2 b 2 



which is also the corresponding force of NO and CN except the term due to oxygen is twice 
5 that of NO due to the two oxygen atoms of N0 2 , and 
the centrifugal force 

n 2 



R 



Di*, and 



centrijugalMO _ 2*2 

TYIJX 0 

the force balance of the centrifugal force equated to the Coulombic and magnetic 
forces is solved for the length of the semimajor axis. 



10 



207. The system of claim 206 wherein the force balance equation for the c -MOs of N0 2 
with Z, =7 and Z 2 =8 is 



15 



2r2 

m c a b 



„2 



Sxe Q ab 4 



2r2 



2m t a l b 



1 1 V4 2 
1+ — + JL - t -+ — 

2j Z x Z 2 



2m e a 2 b 2 



D 



J 



a- 




o 1 \4 2 

Zj Zj Z 2 



Or 



208. The system of claims 207 and 63 wherein the distance from the origin of the H 2 -type 

ellipsoidal-MO to each focus c x , the internuclear distance 2c' , and the length of the 
semiminor axis of the prolate spheroidal -fl^-type MO b = c are solved from the semimajor 

20 axis a. 
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209. The system of claim 208 wherein the sum E T (molecule, AOs) of the Coulombic 

energy change of the AO electrons of the participating atoms or ions of the bonds of the 
specie is the sum of the contributions over all such atoms or ions given by using the initial 
radius r n of the atom or ion and the final radius r„_ 2 of the binding shell of the atom or ion 

5 and by considering that the central Coulombic field decreases by an integer for each 
successive electron of the shell: 



E T (molecule, AOs) = § (Z m)e ' 



1 1 



f Y 

V«r 2 *J 



where the subscript designates the exemplary atom 1 of the bond. 



10 210. The system of claim 209 wherein the sum E T (molecule, AOs) of the Coulombic 

energy change of the AO electron of a participating atom of a bond wherein all of the 
electrons of the shell of the AO are contributed to the bond is given by the sum of the 
corresponding ionization energies of the AO electrons. " 

♦ 

15 211. The system of claim 210 wherein energy of the double bond MO is match to the 
participating AOs and the potential energy of the four electrons in the central field of the 
nuclei at the foci is 



„ „2 ~2e 2 , a + ^la 2 -b 2 
V. = 2 w.c,c 2 , In . ; 

The potential energy of the two nuclei is 

20 V D = 2\- * ; 

The kinetic energy of the electrons is 



2m c a*Ja 2 -b 2 a—Ja 2 -b 2 
The energy, V m , of the magnetic force between the electrons is 

T . ^ 2 -ft 2 t a + y]a 2 -b 2 , 
V m =2 WjC,c 2 ) In 3 ■ , and 

4m e aja 2 -b 2 a-Va 2 -& 2 
25 The total energy, E T 9 is given by the sum of the energy terms plus E (AO): 
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E T =V e +T+V a +V p 



2 2 n,e : 



c i c 2( 2 ) b TT^' 1 



riy is the number of equivalent bonds of the MO, Cj is the fraction of the H 2 -type 
idal MO basis function of a chemical bond of the specie, c, is the factor that resuli 



where 



ellipsoidal MO basis function of a chemical bond of the specie, c 2 is the factor that results in 
5 an equipotential energy match of the participating at least two molecular or atomic orbitals of 
each chemical bond, and E (AO) is the energy of the at least one atomic orbital to which the 

MO is energy matched. 



212. The system of claim 2 1 1 wherein during bond formation, the electrons undergo a 
10 reentrant oscillatory orbit with vibration of the nuclei, and the corresponding energy E w is 

the difference between the Doppler and average vibrational kinetic energies: 
^=^+^,,and 



the total energy is 

E T =V e + T + V m + V p + E(AO) + E ( 



15 



213. The system of claim 212 wherein during bond formation, the electrons undergo a 
reentrant oscillatory orbit with vibration of the nuclei, and the corresponding energy E osc is 
the difference between the Poppler and average vibrational kinetic energies: 

20 where i\ is the number of equivalent bonds of the MO, <\ is the fraction of the H 2 -type 
ellipsoidal MO basis function of a chemical bond of the specie, c 2 is the factor that results in 
an equipotential energy match of the participating at least two molecular or atomic orbitals of 
each chemical bond, and E (AO) is the energy of the at least one atomic orbital to which the 



MO is energy matched. 



25 
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214. The system of claim 2 1 3 wherein the energy components of are V e9 V p> T > V m> and 
E T , except that the terms based on charge are multiplied by four and the kinetic energy term 
is multiplied by two due to each a -MO double bond. 

5 215. The system of claim 2 1 4 wherein the potential energy of the four electrons of double 
bond in the central field of the nuclei at the foci is 

r , „ 2 ~2e 2 . a + 4a 2 -b 2 

%7te 0 -ia 2 -b 2 a-\la 2 -b 2 

The potential energy of the two nuclei is 
10 The kinetic energy of the electrons is 



m V # ^a + Jd*-b 2 . 

2m t a4<r -b a-*4a 2 -b 2 

The energy, V m , of the magnetic force between the electrons is 
V m = 2 n,c,c, r In ===== , and 

The total energy, £ r , is given by the sum of the energy terms: 
15 E T =V t +T+V m +V p 



E 

T ZnsAcf-b 2 



o 

2 2 



a + yla 2 -b 2 1 



2"^e 



where /*, is the number of equivalent bonds of the MO, c, is the fraction of the 7/ 2 -type 
ellipsoidal MO basis function of a chemical bond of the specie, and c 2 is the factor that 

results in an equipotential energy match of the participating at least two molecular or atomic 
20 orbitals of each chemical bond. 
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216. The system of claim 215 wherein during bond formation, the electrons undergo a 
reentrant oscillatory orbit with vibration of the nuclei, and the corresponding energy E 05C is 
the difference between the Doppler and average vibrational kinetic energies: 

5 the total energy is 

217. The system of claim 216 wherein during bond formation, the electrons undergo a 
reentrant oscillatory orbit with vibration of the nuclei, and the corresponding energy E osc is 

10 the difference between the Doppler and average vibrational kinetic energies: 

is the number of equivalent bonds of the MO, c x is the fraction of the H 2 -type ellipsoidal 
MO basis Junction of a chemical bond of the specie, and c 2 is the factor that results in an 
equipotential energy match of the participating at least two molecular or atomic orbitals of 
15 each chemical bond. 

218. The system of claim 217 wherein the total energy of the specie is the sum of the total 
energy of the components comprising the energy contribution of the MO formed between the 
participating atoms, the change in the energy of the AOs or HOs upon forming the bond, the 

20 change in magnetic energy with bond formation, and the energy of oscillation in the 
transition state. 

219. The system of claim 218 wherein the total energy of the specie is the sum over all of 
the component groups wherein the total energy of each said group is the sum of the total 

25 energy of the components comprising the energy contribution of the MO formed between the 
participating atoms, the change in the energy of the AOs or HOs upon forming the bond, the 
change in magnetic energy with bond formation, and the energy of oscillation in the 
transition state. 



30 220. The system of claim 219 wherein the change in magnetic energy is given by 
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EQnagnehc) - ™ 3 = — ep. 
where r„ 3 is the radius of the atom that reacts to form the bond. 



22 1 . The system of claim 220 wherein the bond energy of the molecular or molecular ion 
5 is difference in the energy of the total energy of the starting species and the total energy of 

the specie. 

222. The system of claim 221 wherein the bond energy of a specific bond of the molecular 
or molecular ion is difference in the energy of the sum of the energies of the atoms and any 

1 0 change in energy of any groups formed with the starting atoms and the total energy of the 

» 

bond of the specie. 

■ 

223. The system of claim 222 wherein the total energy of a molecule, E T [molecule) , is 

given by the sum of: 
15 the sum of the energies of the electrons donated to each bond, 

the sum of the energies of electrons of at least one other atom donated to the bonds, 

the sum over the participating atoms of each AO contribution due to the decrease in 
radius with the formation of each bond, and 

t 

the a MO energy contribution pear bond. 

20 

224. The system of claim 223 wherein the total energy of a molecule, E T [molecule) , is 

given by the sum of: 

the sum of the energies of the electrons donated to each bond such that all of the 
electrons of the shell are donated, 

25 the sum of the energies of electrons of at least one other atom donated to the bonds, 

the sum over the participating atoms of each AO contribution due to the decrease in 
radius with the formation of each bond, and 

the a MO energy contribution per boni 
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225. The system of claim 223 wherein the total energy of C0 2 , E T (C0 2 ) , is given by the 
sum of EQonization; C) and E(ionization; C + ) , the sum of the energies of the first and 
second electrons of carbon donated to each double bond, the sum of E(ionization; O) and 
two times E(ionization; O*), the energies of the first and second electrons of oxygen 
5 donated to the double bonds, two times E T (0,2p) y the 02p AO contribution due to the 

decrease in radius with the formation of each bond and two times E T [C = 0,cr) , the a MO 
contribution: 



E T {C0 2 ) = 



Ei}onization\ C) + E(ionization; C + ) + E(ionization; 
{+2E(ionization; 0 + ) + 2E T (0, 2p)+ 2E T (C = O, a) 
(11.26030 eF+24.38332 eF+13,61806 eV^ 
+2(35.11730 eF)+2(-32.12759 eV) 



-2 



4e : 



l2aa 0 
1 3 



( \2aa D 



-1 



J J J 



3 k M 3 

A 1.26030 eV + 24.38332 eV+ 13.61 806 eV 
"[+2(35.1 1730 eF)+2(-32.12759eF)-2(55.25423 eV\ 
= -55.26841 eV 



10 



wherein the calculated and measured values and constants recited in the equations herein can 
be adjusted, for example, up to + 1 0%, if desired. 



1 5 226. The system of claim 225 wherein the total energy of a molecule, E T+osc (molecule) is 
given by the sum of E T [molecule) and E Me . 



20 



227. The system of claim 226 wherein during bond formation, the electrons undergo a 
reentrant oscillatory orbit with vibration of the nuclei, and the corresponding energy E^ is 
the difference between the Doppler and average vibrational kinetic energies: 
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E 



hv 



2£«- 1 * Ik 



m e c 



, and 



where the angular frequency of the reentrant oscillation in the transition state is 



<y = 



B0 AxSqR* . 
1 w« 



the kinetic energy, JS^ , is given by Planck's: 



Er=fl(0 = fi 



<\c 2 e 



the Doppler energy of the electrons of the reentrant orbit is 



hv 



2fc 



i 



'BO 



m t c 



E m is given by the sum of and E Kyib , the vibrational energy: 



Ease [molecule) = «, (i? D + E Kvli ) = n, 



\ 



'BO 



2h* 



4tve 0 R- 



10 where R is b or a, is the number of equivalent bonds of the MO, is the bond-order 
factor which is 1 for a single bond, 4 for a double bond, and 9 for a triplet bond, Cj is the 
fraction of the i/ 2 -type ellipsoidal MO basis function of a chemical bond of the specie, and 
c 2 is the factor that results in an equipotential energy match of the participating at least two 



molecular or atomic orbitals of each chemical bond. 



15 



228. The system of claim 227 wherein is given by E T {molecule)/ 2 in the case of a 



double bond such that 
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Mc 2 



>»J*. 

2 y M 



229. The system of claim 228 wherein E^ of a molecule having r\ bonds is given by 



E T [molecule) /n, such that 



E T [molecule)/ n^. 



\2E 



K 




230. The system of claim 229 wherein E^ of a molecule having r\ bonds is given by 
E T (H 2 ) such that ' 



10 



V 



where £ r (i/ 2 ) = -31.63537 eV is the total energy of the hydrogen molecule, wherein the 

calculated and measured values and constants recited in the equations herein can be adjusted, 
for example, up to + 10%, if desired. 

15 23 1 . The system of claim 230 wherein during bond formation, the electrons undergo a * 
reentrant oscillatory orbit with vibration of the nuclei, and the corresponding energy E^ is 
the difference between the Doppler and average vibrational kinetic energies: 



E 0SC =n 1 (E D + E Kvib )^n 1 



mjc I V n 



\ 



e 



J 



, and 



where the angular frequency of the reentrant oscillation in the transition state is determined 
20 by the force between the central field and the electrons in the transition state; said force and 
its derivative are given by 



and 
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such that the angular frequency of the oscillation is gjven by 



a> ~ 




4xe Q R : 



where R is b ox a, c BO is the bond-order factor which is 1 for a single bond, 4 for a double 
bond, and 9 for a triplet bond, <\ is the fraction of the H 2 -type ellipsoidal MO basis function 

■ 

5 of a chemical bond of the specie, and c 2 is the factor that results in an equipotential energy 
match of the participating at least two molecular or atomic orbitals of each chemical bond. 



232. The system of claim 231 wherein the nucleus of the B atom and the nucleus of the A 
atom comprise the foci of each # 2 -type ellipsoidal MO of the A- B bond and the 
10 parameters of the point of intersection of each H 2 -type ellipsoidal MO and the A -atom AO 

are determined from the polar equation of the ellipse: 

1 + e 



r = r n 



1+ ecosO 



233. The system of claim 232 wherein the radius of the A shell is r A , and the polar radial 
15 coordinate of the ellipse and the radius of the A shell are equal at the point of intersection 
such that 



l-h-costf 1 
a 

the polar angle 6 1 at the intersection point is given by 



0 1 = cos 



-1 



a 
7' 



1+- 



(a-c<) — 



J) 



20 



234. The system of claim 233 wherein the angle 0 AAO the radial vector of the A AO 
makes with the internuclear axis is 
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235 . The system of claim 234 wherein the distance from the point of intersection of the 
orbitals to the intermiclear axis must be the same for both component orbitals such that the 
angle cot = 6 H jM0 between the intermiclear axis and the point of intersection of each H 2 -type 

ellipsoidal MO with the A radial vector obeys the following relationship: 
5 ' r A sm0 AAO =bsm0 H7MO 

* 

such that 

the distance d HiM0 along the intermiclear axis from the origin of H 2 -type ellipsoidal 

MO to the point of intersection of the orbitals is given by 
10 ^ o = acos0 H2MO ,and 

the distance d A A0 along the intermiclear axis from the origin of the A atom to the 
point of intersection of the orbitals is given by 

^aao ~ c '~ dfizMO - 

15 236. The system of claim 235 where the bond angle is determined from the zero energy 
condition of the total energy of the potential bond between any pair of terminal atoms. 

* 

237. The system of claim 23 6 where the force constant k'ofaH 2 -type ellipsoidal MO 
due to the equivalent of two point charges of at the foci is given by: 

20 k' = S&2£. 

\ns 0 

* 

where is the fraction of the i/ 2 -type ellipsoidal MO basis function of a chemical bond of 
the specie and c t is the factor that results in an equipotential energy match of the 
participating at least two atomic orbitals of the chemical bond. 

25 238. The system of claim 237 where the distance from the origin of the MO to each focus 
c % is given by: 



\m e e 2 2Va \2k f 9 



the intermiclear distance is 
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2k 1 9 



the length of the semiminor axis of the prolate spheroidal MO b = c is given by 

b = 4a 1 -c' 1 , and 
and, the eccentricity, e,is 

a 



239. The system of claim 238 wherein the potential energy of the two electrons in the 
central field of the nuclei at the foci is 

■ - 

a+Ja 2 -b 2 



-2e' 



In 



%neja 2 -b 2 a-4a 2 -b 2 ' 



10 The potential energy of the two nuclei is 

e 2 

y _ • 
" %nejc?-b 2 ' 

The kinetic energy of the electrons is 

h 2 . a + 4a 2 -b 2 



T = c,c 2 



In 



2m e a4a 2 -b 2 a-jcf-b 2 



, and 



15 



The energy, V m , of the magnetic force between the electrons is 

a + Ja 2 -b 2 



-h' 



In 



4m e a4a 2 -b 2 a-4a 2 -b 2 



, and 



The total energy, E T , is given by the sum of the energy terms: 



E T =V e +T+V m + V p 



E T = 



%m„4a 2 -b 2 



-1 



where <\ is the fraction of the # 2 -type ellipsoidal MO basis function of a chemical bond of 
20 the specie, and c 2 is the factor that results in an equipotential energy match' of the 
participating at least two molecular or atomic orbitals of each chemical bond. 
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240. The system of claim 239 wherein during bond formation, the electrons undergo a 
reentrant oscillatory orbit with vibration of the nuclei, and the corresponding energy E osc is 

the difference between the Doppler and average vibrational kinetic energies: 



5 The total energy is 

Er=V.+T + V m + V p +E„ 



— < 



8ns a c' 



0" L 



C l C 2 



2~& 
a 



\ 



In 



a-c 



-1 







c,c 2 e 2 












m 




2 


m,c 2 



where q is the fraction of the H 2 -type ellipsoidal MO basis function of a chemical bond of 
the specie, and c 2 is the factor that results in an equipotential energy match of the 
10 participating at least two molecular or atomic orbitals of each chemical bond. 



24 1 . The system of claim 240 wherein the vibrational energy 



given by 



%ne 0 a %ne 0 [a + c } ) 



where // is the reduced mass of the nuclei. 



15 



242. The system of claim 241 wherein the energy components of are V e ,V p9 T 9 V m > and 
E T , except that the terms based on charge are multiplied by four and the kinetic energy term 
is multiplied by two due to a a -MO double bond. 



20 243. The system of claim 242 wherein c'-a A 



m B e 2 2k'a ~ \2Ar' 



- is substituted into the 



equation for E T which is set equal to zero, and the semimajor axis is solved. 
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244. The system of claims 243 and 63 wherein the distance from the origin of the H 2 -type- 
ellipsoidal-MO to each focus c\ the internuclear distance 2c * , and the length of the 
semiminor axis of the prolate spheroidal i/ 2 -type MO b = c are solved from the semimajor 

axis a. 



245, The system of claim 244 wherein with 2c' A _ B defined as the internuclear distance of 
each A-B bond and C = 2c \_ B defined as the internuclear distance of the two terminal B 
atoms, the bond angle between the A - B bonds is given by the law of cosines is 

(2(2c< A _ B ) 2 -{2C B _ B )^ 



0 = COS 



10 

246. The system of claim 245 wherein the specie comprises more than two bonds with one 
A-B bound along an axis defined as the vertical or z-axis and any two A-B bonds form an 
isosceles triangle; the angle of the bonds from the defined axis is determined from the 
geometrical relationships: 
15 thie distance d art ^ B from the origin to the nucleus of a terminal B atom is given by 

2c\ 



origins 2sin60°' 

the height along the z-axis from the origin to A nucleus d htighi is given by 



^height = <\{ 2c \-b) 2 -(dan*-*)* >™ d 

the angle 0 V of each A-B bond from the z-axis is given by 



20 0 V = tan 



a origin- B 
\ ^height J 



247. The system of claim 246 wherein the vibrational energies are determined by the 
forces between the central field and the electrons and those between the nuclei; said electron- 
central-field force and its derivative are given by 

.2 



25 m—c B0 ^ 



and 
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said nuclear repulsion force and its derivative are given by 
f(2c') = 1— 

and 

f'(2c') = 



4xe 0 (2c') 

such that the angular frequency of the oscillation is given by 





L w 2 


e 2 


1bo 4xe Q R 3 







where n = is the reduced mass of the nuclei, R is b or a , c B „ is the bond-order 

factor which is 1 for a single bond, 4 for a double bond, and 9 for a triplet bond, c, is the 
10 fraction of the H 2 -type ellipsoidal MO basis function of a chemical bond of the specie, and 
c 2 is the factor that results in an equipotential energy match of the participating at least two 
molecular or atomic orbitals of each chemical bond. 



248. The system of claim 247 wherein the transition-state vibrational energy, (0) , 
15 given by Planck's equation is: 
E vlb (0) = ha> 



249. The system of claim 248 wherein the energy v u of state v is given by 
y o =ve> 9 -u(v-l)a 0 x 0 , o = 0,1,2,3... 

20 where 

flCCOr 



a> 0 is the frequency of the o = 1 -> v = 0 transition, and D 0 is the bond dissociation energy. 



WO 2007/051078 



PCT/US2006/042692 



941 

250. The system of claim 249 wherein #) 0 is given by 
#o=£w&(0)~2o 0 x 0 ,and 



such that 



2D, 



2D, 



he 



©0 = 



2D, 
he 



'2D, 
^ he 



\2 



+4 



J 



2D, 
he 



25 1 . The system of claim 250 wherein B e , the rotational parameter, for A-B is given by: 
* 2/Ac 



10 where / = //r 2 , r = 2c\ and is the reduced mass. 



252. The system of claim 25 1 wherein the vibrational energy levels of the A- A and 
A-B bonds of the specie are solved as sets of coupled atomic harmonic oscillators wherein 
each atom of a chain of bonds is further coupled to at least one additional harmonic 
15 oscillators by using the Lagrangian, the differential equation of motion, and the eigenvalue 
solutions wherein the spring constants are derived from the central forces. 



253. The system of claim 252 wherein the vibrational energy levels of the C - C bonds of 
C n H 2n+2 are solved as n - 1 sets of coupled carbon harmonic oscillators wherein each carbon 

20 is further coupled to two or three equivalent H harmonic oscillators by using the Lagrangian, 
the differential equation of motion, and the eigenvalue solutions wherein the spring constants 
are derived from the central forces. 



254. The system of claim 253 wherein E D (C n H 2n + 2 ) , the total bond dissociation energy of 

25 C n H 2n + 2 , is given as the sum of the energy components due to the two methyl groups, n - 2 
methylene groups, and n - 1 C - C bonds. 
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255. The system of claim 254 wherein the total bond dissociation energy of C M /f 2/J+2 is 
given by 

E D {C tt H 2n ^E D {C-C)^ + 22?^ ( n CH z )+{n-2)E D ^ (»CH 2 ) 

- (w-l)(4.32754 *F) + 2(12.49186 eF)+(«-2)(7.83016 eV) 

wherein the calculated and measured values and constants recited in the equations herein can 
5 be adjusted, for example, up to ± 10%, if desired. 

256. The system of claim 255 wherein the exact solution for the dimensional parameters, 
charge density functions, and energies of molecules are determined using the results for the 
determination of C n H 2n+2 and the functional groups as basis sets that are linearly combined. 

10 

257. ■ 1 The system of claim 256 wherein one or more of the hydrogen atoms of the solution 
for C n H 2n+2 are substituted with one or more of the previously solved functional groups or 

derivative functional groups to give the parameters of a desired molecule, 

1 5 258. The system of claim 257 wherein the parameters of a given molecule are given by 
energy matching each group to C^^^ . 

259. The system of claim 258 wherein substitution of one or more H 's of C n H 2n + 2 with 
functional groups from the list of CH 3 , other C n H 2n+2 groups, H 2 C = CH 2 , HC a CH , F , 
20 C/, 0 9 OH, NH, NH 2 , CAT, NO, N0 2> CO, C0 2 , and C 6 H 6 give the solutions of 

branched alkanes, alkenes, and alkynes, alkyl halides, ethers, alcohols, amides, amines, 
nitriles, alkyl nitrosos, alkyl nitrates, aldehydes, ketones, carboxylic acids, esters, and 
substituted aromatics. 

25 260; A composition of matter comprising a plurality of atoms, the improvement 

comprising a novel property or use discovered by calculation of at least one of 

a bond distance between two of the atoms, 

a bond angle between three of the atoms, and 

a bond energy between two of the atoms, 
30 orbital intercept distances and angles, 
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charge-density functions of atomic, hybridized, and molecular orbitals, 
the bond distance, bond angle, and bond energy being calculated from physical solutions of 
the charge, mass, and current density functions of atoms and atomic ions, which solutions are 
derived from Maxwell's equations using a constraint that a bound electron(s) does not radiate 
5 under acceleration. 

261 . A composition of matter according to claim 260, wherein the novel property is a new 
pharmaceutical use. 

10 262. A composition of matter according to claim 261 that is novel, wherein the novel 
property is stability at room temperature of a new arrangement of atoms or ions. 

■ 

■ i 

263. A novel composition of matter discovered by calculating at least one of 
a bond distance between two of the atoms, 

15a bond angle between three of the atoms, and 
a bond energy between two of the atoms, 
orbital intercept distances and angles, 

■ 

charge-density functions of atomic, hybridized, and molecular orbitals, 
the bond distance, bond angle, and bond energy being calculated from physical solutions of 
20 the charge, mass, and current density functions of atoms and atomic ions, which solutions are 
derived from Maxwell's equations using a constraint that a bound electron(s) does not radiate 
under acceleration. 

264. A system of determining at least one of 
25 a bond distance between two of the atoms, 

a bond angle between three of the atoms, and 
a bond energy between two of the atoms, 
orbital intercept distances and angles, 

charge-density functions of atomic, hybridized, and molecular orbitals, 
30 wherein the bond distance, bond angle, and bond energy being calculated from physical 
solutions of the charge, mass, and current density functions of atoms and atomic ions, which 
solutions are derived from Maxwell's equations using a constraint that the bound electron(s) 
does not radiate under acceleration. 
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265. The system of claim 264, further comprising discovering a new composition of 
matter. 

5 266. The system of claim 1 , wherein the nature of said specie includes the nature of a 

■ 

chemical bond thereof. 

267. The system of claim 1 , wherein at least one bond angle between three atoms is 
computed and displayed. 

10 

268. The system of claim 1 , wherein at least one bond distance between two atoms is 
computed and displayed. 

269. The system of claim 1, wherein at least one geometric component is computed and 
15 displayed. 

270. The system of claim 1, wherein at least one potential energy between an electron and 
a nucleus is computed. 

20 27 1 . The system of claim 1 , wherein at least one potential energy between two nuclei is 
computed. 

272. The system of claim 1, wherein at least one kinetic energy of an electron is computed. 

* 

« 

25 273. The system of claim 1 , wherein at least one magnetic energy between electrons is 
computed. 

274. The system of claim 1 , wherein at least one total energy of a bond is computed. 

30 275. The system of claim 1 , wherein at least one change in atomic energy between atoms 
due to bonding is computed. 
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276. The system of claim 1, further comprising at least one database of functional groups 
and at least one database of molecules, molecular ions, and/or molecular radicals, 
characterized in that the functional groups, molecules, molecular ions, and molecular radicals 
having the nature of their chemical bonds computed by the Maxwillian solutions of charge, 

5 mass, and current density, or both databases being combined into one database or split into 
multiple databases, and the processing means being in communication with the databases or 
combined database. 

277. The system of claim 1 , further comprising at least one database of functional groups 
10 having the nature of their chemical bonds computed by the Maxwillian solutions of charge, 

mass, and current density. 

278. The system of claim 276, further comprising means for selecting a desired first 
functional group, characterized in that the selected functional group is displayed with open 

1 5 bonds being displayed, means for selecting an open bond, means for selecting a second 
functional group to be bound to the first functional group, characterized in that the second 
functional group is displayed with open bonds being displayed, means for selecting an open 
bond on the second functional group, and means for combining the selected bonds, whereby 
at least a portion of a desired molecule is displayed. 

20 

279. The system of claim 276, further comprising selecting and combining functional 
groups until a desired molecule is displayed. 

280. The system of claim 277, further comprising means for selecting a desired first 

25 functional group, characterized in that the selected functional group is displayed with open 
bonds being displayed, means for selecting an open bond, means for selecting a second 
functional group to be bound to the first functional group, characterized in that the second 
functional group is displayed with open bonds being displayed, means for selecting an open 
bond on the second functional group, and means for combining the selected bonds, whereby 

30 at least a portion of a desired molecule is displayed. 

28 1 . The system of claim 277, further comprising selecting and combining functional 
groups until a desired molecule is displayed. 
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282. The system of claim 1 , further comprising a means for inputting the chemical 
structure of a desired molecule and parsing the inputted molecule into functional groups. 

5 283. The system of claim 282, further comprising a database of functional groups having 
the nature of their chemical bonds computed by the Maxwillian solutions of charge, mass, 
and current density, characterized in that the processing means combines the functional 
groups and the desired molecule is displayed. 

10 284. The system of claim 282, wherein the chemical structure is imputed using a 
Simplified Molecular Input Line Entry System. 

285. The system of claim 283, wherein the chemical structure is imputed using a 
Simplified Molecular Input Line Entry System. 

15 

286. The system of claim 282, wherein the Simplified Molecular Input Line Entry System 
is SMILES. 

4 

287. The system of claim 283 , wherein the Simplified Molecular Input Line Entry System 
20 is SMILES. 

< 

288. The system according to claim 1, wherein the force generalized constant k 1 of a H 2 - 
type ellipsoidal MO due to the equivalent of two point charges at the foci is given by: 

k'= 1 2 (15.1) 

25 where C, is the fraction of the H 2 -type ellipsoidal molecular orbital basis function of a 
chemical bond of the specie and C 2 is the factor that results in an equipotential energy match 
of the participating at least two molecular or atomic orbitals of the chemical bond. 
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289. The system according to claim 1 , wherein the distance from the origin of the MO to 
each focus c ' is given by: 



' m/2C x C 2 a V 2C t C 2 



(15.2) 



5 

the internuclear distance is 



2 C '= =2 J-^- (15.3) 
Al 2C x C 2 



the length of the semiminor axis of the prolate spheroidal MO b = c is given by 
10 ft = Va 2 -c' 2 (15.4) 



and, the eccentricity, e , is 



e = — 
a 



(15.5). 



15 

290. The system according to claim 289, wherein a potential energy of the electrons in the 
central field of the nuclei at the foci is 

%neAcr-b 2 a-yja 2 -b 2 
where «, is the number of equivalent bonds of the MO for functional groups and in the case 
20 of independent MOs not in contact with the bonding atoms, the terms based on charge are 
multiplied by c B0 , the bond-order factor, which is 1 for a single bond, 4 for an independent 

double bond and 9 for an independent triplet bond. 

291 . The system according to claim 1 , wherein the potential energy of the two nuclei is 

25 ^jdhr (15 - 7) - 



292. The system according to claim 1, wherein the kinetic energy of the electrons is 
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2m c a^a 2 -b 2 a-ja 2 -b 



(15.8) 



where is the number of equivalent bonds of the MO for functional groups and in the case 

of independent MOs not in contact with the bonding atoms, the terms based on charge are 
multiplied by c BQ , the bond-order factor, which is 1 for a single bond, 4 for an independent 

5 double bond and 9 for an independent triplet bond. 



293 . The system according to claim 1 , wherein the energy, V m , of the magnetic force 
between the electrons is 



-h 2 



a + yja 2 -b 2 
4maja 2 -b 2± " a-4a 2 -b 2 



In 



(15.9) 



1 0 where i\ is the number of equivalent bonds of the MO for functional groups and in the case 

of independent MOs not in contact with the bonding atoms, the terms based on charge are 
multiplied by c w , the bond-order factor, which is 1 for a single bond, 4 for an independent 

* 

double bond and 9 for an independent triplet bond. 



15 294. The system according to claim 1, wherein total energy of the H 2 -type prolate 
spheroidal MO, E T (h 2 mo) , is given by the sum of the energy terms: 

E T (wo) = V e +T + V m +V p (15.10) 



E T (h 2 mo) = 



c x c 2 



a) a-^-b 1 



-1 



%rce 0 c'l 12 { a) a-c' J 



(15.11) 



20 where «, is the number of equivalent bonds of the MO for functional groups and in the case 
of independent MOs not in contact with the bonding atoms, the terms based on charge are 
multiplied by c w , the bond-order factor, which is 1 for a single bond, 4 for an independent 

double bond and 9 for an independent triplet bond. 



25 
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295. The system according to claim 1 , wherein the total energy E T [atom, msp 3 ) ( m is the 

integer of the valence shell) of the AO electrons and fee hybridized shell is given by the 
sum of energies of successive ions of the atom over the n electrons comprising total 
electrons of the at least one AO shell according to the formula: 

E T (atom, msp 3 ) = K 0 5 • 12 

m=l 

where IP m is the m th ionization energy (positive) of the atom. 



296. The system according to claim 295, wherein the radius of the hybridized shell is 
given by: 



10 r , = Y S£-2£ rr; (15.13). 

q tz- n 8xe Q E T (atom, msp 3 J 



297. The system according to claim 295, wherein the Coulombic energy 
Ecou/omb (atom^msp 3 ) of the outer electron of the atom msp 3 shell is given by 

Ecouiomtiatom^msp')^- (15.14). 

u msjf 

15 

298. The system of claim 296, wherein in the case that during hybridization at least one of 
the spin-paired AO electrons is unpaired in the hybridized orbital (HO), the energy change 
for the promotion to the unpaired state is the magnetic energy E(magnetic) at the initial 

* 

radius r of the AO electron: 

.2*2 



20 



RCm V «k)-?3M* m *31&. (15.15) 



2 3 3 

mj r 



then, the energy E(atom,msp 3 } of the outer electron of the atom msp 3 shell is given by the 
s\im of E Coxdomb (atom,msp 3 } and E(magnetic): 



E(atom,msp 3 ) = e — ^B^. (15.16). 



25 
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299. The system according to claim 295, wherein the total energy E T {molatom,msp 3 } (m 

is the integer of the valence shell) of the HO electrons is given by the sum of energies of 
successive ions of the atom over the n electrons comprising total electrons of the at least 
one initial AO shell and the hybridization energy: 

E T {molatom, msp 3 ) = E(atom y msp 3 ) - j] IP m (15.17) 

m=2 



where IP m is the m th ionization energy (positive) of the atom and the sum of -J/J plus the 
hybridization energy is E {atom, msp 1 ) . 



, . . . . 

10 300. The system of claim 299, wherein the radius of the hybridized shell is given by: 



r , = 

msp 



£ (.Z-q)-s(025) 



8x£ Q E T (mol.atom, msp* ) 
where s = 1,2,3 for a single, double, and triple bond, respectively. 



(15.18) 



301 . The system of claim 299, wherein the Coulombic energy E Couhmb (moLatom, msp 3 ) of 
15 the outer electron of the atom msp 3 shell is given by 

2 

E cou!omb (moLatom, msp 3 ) = (15,19). 



302. The system of claim 298, wherein in the case that during hybridization at least one of 
the spin-paired AO electrons is unpaired in the hybridized orbital (HO), the energy change 
20 for the promotion to the unpaired state is the magnetic energy E{magnetic) at the initial 

radius r of the AO electron given by Eq. (15.15). Then, the energy E{moLatom,msp 3 } of 

the outer electron of the atom msp 3 shell is given by the sum of E Cou[omb [mol atom, msp 3 } 
and E{magnetic) : 

E(moUtom,msp 3 ) = — — + 7 W * (15.20) 
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E T {atom - atom, msp 3 ) , the energy change of each atom msp 3 shell with the formation of 
the atom-atom-bond MO is given by the difference between E(mol.atom y msp 3 } and 
E(atom,msp 3 y. 

E T {atom - atom, msp 3 ) = E {moLatom, msp 3 ) - E [atom, msp 3 ) (1 5.21). 

5 

303. The system of claim 295, wherein E Cou}omb (molxitom, msp 3 ) is one of: 

^Coulomb [p ethylene > ) > ^Coulomb {p ethane > 2s P^ ) > ^Coulomb {p acetylene > 2 3P 3 ) > ™d 

^Coulomb {paikam > ^Sp* ) \ 

Kouiomb{^om,msp 3 )\^Q^ 
10 E(molMtom 9 msp 3 ) is one of E(C ethylenc9 2sp 3 )> E(C etbane ,2sp*), 

& {^acetylene > 

E(atow,flwp 3 ) is one of and E(C,2sp 3 } andi?(C7 3 3.y/? 3 ); 
E T (atom- atom, msp 3 ) is one of E(C-C,2sp 3 ), £(C = C,2,sp 3 ), and. 

£(C = C,2sp 3 ); 

1 5 torn wsp 3 is one of C2sp 3 , C/3$p 3 

£ r (atom- atom (s,),w.sp 3 ) is E T (C-C,2sp 3 ) and E T (atom- atom [s 2 ),msp 3 ) is 

£ r (C = C, 2s/? 3 ), and 

is One Of » ^ethantls^ 3 ^eihylemlsf? 9 ^acctylemlsp* 9 ^alhmelsj? 9 ®^ 'c/isp 3 ' 

In the case of the C2j/? 3 HO, the initial parameters (Eqs. (14.142-14.146)) are 

20 r, 5 =y / Z ~ w)e jr-^ . = 0.91771^ (15.22) 

2sp ^8^ 0 (cl48.25751eF) 8^ (el 48.2575 1 e^) 

*c^(C,2sf) = ^- = - 2 771flo =-14.82575 *F (15.23) 



EQnagnetic) = 2 = 3 = 0.19086 eK (15.24) 

tfW (0.84317a 0 ) 3 
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£(C,2^ 3 ) = 



2*2 



+ 



(15.25) 



= -14.82575 e^+O.19086e)^ 
= -14.63489 eF 

wherein the calculated and measured values and constants recited in the equations herein can 
be adjusted, for example, up to + 10%, if desired. 



5 304. The system of claim 300, wherein 
2 (Z-?) = 10 



(15.26) 



Equations (14.147) and (15.17) give 

E T {molatom, msp 3 ) = E T , 2ap 3 ) = -1 5 1 .61 569 eV 



(15.27) 



and using Eqs. (15.18-15.28), the final values of r c2spi , £ Ctm/om6 (C2ap 3 ), and E[C2sp*} , and 



10 the resulting £ 3 



[^C-C,C2*p 3 



of the MO due to charge donation from the HO to the MO 



BO 



where C-C refers to the bond order of the carbon-carbon bond for different values of the 
parameter s are given in Table 15.1. 



Table 15.1: 



15 



MO 

Bond 

Order 


s 1 


s 2 


W (°o) 
Final 


£ c ^(cV)(eV) 
Final 


E(C2sp>) 
(eV) 


E T [c-C,C2sp 3> j 
(eV) 


(BO) 










• 




I 


i 


0 


0.87495 


-15.55033 


-15.35946 


-0.72457 


n 


2 


0 


0.85252 


-15.95955 


-15.76868 


-1.13379 


ra 


3 


0 


0.83008 


-16.39089 


-16.20002 


-1.56513 


IV 


4 


0 


0.80765 


-16.84619 


-16.65532 


-2.02043 



wherein the calculated and measured values and constants recited in the equations herein can 
be adjusted, for example, up to ± 1 0%, if desired. 
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305. The system of claim 295, wherein a minimum-energy bond with the constraint that it 
must meet the energy matching condition for all MOs at all HOs or AOs, the energy 

E^moLatom^msp 3 ) of the outer electron of the atom msp 3 shell of each bonding atom is 



the average of E (moLatom, msp 3 ) for two different values of s : 

B ,v E(molMtom(s } ) 9 msp 3 )+E(moLatom(s~),msp 3 ) 
E [moLatom, msp 3 J = — * — i — l-i 



(15.28). 



306. The system of claim 305, wherein in the case, E T (atom-atom,msp 3 ), the energy 

change of each atom msp 3 shell with the formation of each atom-atom-bond MO, is 
average for two different values of s : . 

nn „ / ' n EJatom-atomis^Msp^^Er^tom-atomis^ymsp 3 ^ 

10 E T (atom - atom, msp 3 J = -2-1 ^ — ' v v 2/ y (15.29). 



307. The system of claim 305, wherein a first MO and its HOs comprising a linear 

combination of bond orders and a second MO that shares a HO with the first* In addition 
to the mutual HO, the second MO comprises another AO or HO having a single bond 
1 5 order or a mixed bond order, in order for the two MOs to be energy matched, the bond 
order of the second MO and its HOs or its HO and AO is a linear combination of the 
terms corresponding to the bond order of the mutual HO and the bond order of the 

independent HO or AO, and in general, E T (atom-atom,msp 3> ), the energy change of 

each atom msp 3 shell with the formation of each atom-atom-bond MO, is a weighted 

20 linear sum for different values of s that matches the energy of the bonded MOs, HOs, and 
AOs: 

t N 
E r (atom - atom, msp 3 J = ^c s E T (atom- atom (s n ), msp 3 ) (15.30) 

where c Sg is the multiple of the BO of s n . The radius r^ 3 of the atom msp 3 shell of each 
bonding atom is given by the Coulombic energy using the initial energy E CouIomb (atom, msp 3 ) 

25 and E T (atom - atom, msp 3 ) , the energy change of each atom msp 3 shell with the formation 
of each atom-atom-bond MO: 
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r ,= 7 z ~ — rr- (15.31) 



%7te Q a 0 (E Coulonb [atom, msp 3 ) + E T (atom - atom, msp 3 )) 



where E CM (C2sp 3 ) = -14.825751 eV . 



5 308. The system of claim 307, wherein the Conlombic energy E^^ (inolatom, msp 3 J of 
the outer electron of the atom msp 3 shell is given by Eq. (15.19). 

309. The system of claim 308, wherein in the case that during hybridization, at least one of 
the spin-paired AO electrons is unpaired in the hybridized orbital (HO), the energy change 
10 for the promotion to the unpaired state is the magnetic energy E(magnetic) (Eq. (15.15)) 

at the initial radius r of the AO electron. Then, the energy E (ntoLatom, msp 3 ) of the 

outer electron of the atom msp 3 shell is given by the sum of E Cottlomb (mol.atom,msp 3 } 
and E{magnetic) (Eq. (15.20)). 

15 310. The system of claim 308, wherein, E T (atom - atom y msp 3 ) , the energy change of each 
atom msp 3 shell with the formation of the atom-atom-bond MO is given by the difference 
between E{moLatom,msp 3 } and E(atom,Msp 3 } given by Eq. (15.21). 

20 311. The system of claim 310, wherein using the equation (1 5 .23) for E Cmlomh (c, 2sp 3 ) in 

equation (15.31), the single bond order energies given by Eqs. (15.18-15.27) and shown in 
Table 15.1, and the linear combination energies (Eqs. (15.28-1 5.30)), the parameters of , 
linear combinations of bond orders and linear combinations of mixed bond orders are 
given in Table 15.2, wherein the calculated and measured values and constants recited in 
25 the equations herein can be adjusted, for example, up to + 1 0%, if desired. 

312. The system of claim 295, wherein the radius r of the C2sp 3 HO of a carbon 

mol2sp 

atom of a given specie is calculated using Eq. (14.514) by considering 
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£ E T ^ (M5,2sp 3 ) , the total energy donation to each bond with which it participates in 
bonding. 



5 313. The system of claim 1, wherein equation for the radius is given by 

= -£ 



8^ 0 (el 4.82575 1 eV + J] \e t< ^ (MO, Isp* )|) 

■ 

3 14. The system of 295, wherein the Coulombic energy E Coulomb {m6Latom,msp l ) of the 
outer electron of the atom msp 3 shell is given by Eq. (15.19). 

10 

315. The system of claim 295, in the case that during hybridization, at least one of the 
spin-paired AO electrons is unpaired in the hybridized orbital (HO), the energy change for 
the promotion to the unpaired state is the magnetic energy E(magnetic) (Eq. (15.15)) at 

the initial radius r of the AO electron. Then, the energy E{moljatom,msp 3 ) of the outer 

15 electron of the atom msp 3 shell is given by the sum of E Couhmb [moLatom, msp 3 ) and 
E{magnetic) (Eq. (15.20)). 



316. The system of claim 315, wherein for the Clsp 3 HO of each methyl group of an 

alkane contributes -0.92918 eV (Eq. (14.513)) to the corresponding single C~C bond; 

20 the corresponding Clsp 3 HO radius is given by Eq. (14.514). The C2sp 3 HO of each 

methylene group of C n H 2n+2 contributes -0.92918 eV to each of the two corresponding 

C-C bond MOs, wherein the calculated and measured values and constants recited in 
the equations herein can be adjusted, for example, up to + 10%, if desired. 



25 317. The system of claim 316, wherein the radius (Eq. (1 5.32)), the Coulombic energy 
(Eq. (15.19)), and the energy (Eq. (15.20)) of each alkane methylene group are 
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-e 2 



r — Sxe 0 (E CMlm , b (c,2 S p>)+XE r ^ (methylene C-C,2sp 3 )) 



e 2 



&zs 0 (el4.825751 eF + e0.92918 eV+e0.9291& eV) 
= 0.81549fl 0 

(15.33) 

^^-(C ^),___ 5 _-, 6 .«84 l2e K (15.34) 

5 wherein the calculated and measured values and constants recited in the equations 

herein can be adjusted, for example, up to + 10%, if desired. 

318. The system of claim 316, wherein in the determination of the parameters of functional 
groups, heteroatoms bonding to C2sp i HOs to form MOs are energy matched to the 

10 C2sp 3 HOs, the radius and the energy parameters of a bonding heteroatom are given by 

the same equations as those for C2sp 3 HOs. 



319. The system of claim 318, wherein using Eqs. (15.15), (15.19-15.20), (15.24), and 
(15.32) in a generalized fashion, the final values of the radius of the HO or AO, 

15 

r Atom.HOjiO> ^Coulomb { m0 ^ Mt0m ^ n ^ 3 )^ m ^ ^ (Ow)/^/^ ) TO Calculated USUlg 

^ E T ^ {M0 9 2sp 3 ) , the total energy donation to each bond with which an atom 

( BO 

participates in bonding corresponding to the values of E T C - C,C2sp of the MO due 

to charge donation from the AO or HO to the MO given in Tables 15.1 and 15.2 and the 
final values of r MomHOAO , E Cwhmb (molatom,msp*),m& E{C mol 2sp*) calculated using 

f BO 



20 the values of & 



- C,C2sp z j given in Tables 15.1 and 15.2 are shown in Tables 



15.3 A and 1 5.3B in the specification, wherein the calculated and measured values and 
constants recited in the equations herein can be adjusted, for example, up to ± 10%, if 
desired. 
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320. The system of claim 319, wherein the energy of the MO is matched to each of the 
participating outermost atomic or hybridized orbitals of the bonding atoms wherein the 
energy match includes the energy contribution due to the AO or HO's donation of charge 
5 to the MO. 



321 . The system of claim 320, wherein the force constant k 1 (Eq. (1 5. 1)) is used to 
determine the ellipsoidal parameter c* (Eq. (15.2)) of the each H 2 -type-ellipsoidal-MO in 
terms of the central force of the foci, c f is substituted into the energy equation (from Eq. 

10 (15.1 1))) which is set equal to t\ times the total energy of H 2 where y\ is the number of 

equivalent bonds of the MO and the energy of H 2 , -31 .6353683 1 e V , Eq. (1 1 .2 1 2) is 

the minimum energy possible for a prolate spheroidal MO, wherein the calculated and 
measured values and constants recited in the equations herein can be adjusted, for 
example, up to ± 1 0%, if desired. 

15 

322. The system of claim 321, wherein the energy equation and the relationship between 
the axes, the dimensions of the MO are solved, the energy equation has the semimajor 
axis a as it only parameter, the solution of the semimajor axis a allows for the solution 
of the other axes of each prolate spheroid and eccentricity of each MO (Eqs. (15.3-15.5)), 

20 and the parameter solutions then allow for the component and total energies of the MO to 
be determined. 



323. The system of claim 1, wherein the total energy, E T (h&o) , is given by the sum of the 
energy terms (Eqs. (15.6-15.11)) plus E T (AO/HO) : 
25 E T {h&o) = V e +T+V m +V p + E T {AO I HO) (15.36) 

.2 



E T (h z mo) = -p 



T 

,2 



87teJa 2 -b 2 



+ E T (AO/HO) 



= _JhL 
&ne 0 c 



+E r (AO/HO) 



(15.37) 

where «, is the number of equivalent bonds of the MO, c, is the fraction of the // 2 -type 
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ellipsoidal MO basis function of a chemical bond of the group, c 2 is the factor that results in 
an equipotential energy match of the participating at least two atomic orbitals of each 
chemical bond, and E T {AO I HO) is the total energy comprising the difference of the energy 

E{AOI HO) of at least one atomic or hybrid orbital to which the MO is energy matched and 

5 any energy component &E H ^t 0 {AO I HO) due to the AO or HO' s charge donation to the MO. 



324. The system of claim 323, wherein 

E T {AO I HO) = E{AO I HO)- AE^ {AO I HO) (15.38) 



10 325. . The system of claim 324, wherein as specific examples, E T {AO I HO) is one from 
the group of 

E T {AO I HO) = E(02p shell) = ^(ionization; O) = -13.6181 eV ; 

E T {AO I HO) = E{N2p shell) = -E(ionization\ N) = -14.53414 eV ; 

E T {AO I HO) = E{C,2sp>) = -14.63489 eV ; 
15 E T {AO I HO) = E Cmdomb {Ch3sp> ) = -14.60295 eV ; 

E T {AO I HO) = E(ionization; C) + E(ionization\ C + ) ; 

E T {AO I HO) = E{C eihane9 2sp* ) - -15.35946 eV ; 

E T (AO I HO) = +E{C eify!ate >2sp 3 )- E{C ethylem ,2sp> ) ; . 

E T (AO /HO) = E(c,2sp 3 )-2E T (C = C,2sp 3 )= -14.63489 eV -(-2.26758 eV) ; 
20 ^0/tfCO = £(c^,2^^ 

E T (AO I HO) = E(C,2sp 3 )- 2E T (C s C,2sp 3 ) = -14.63489 eV -(-3.13026 eV) ; 

E^AO/HO^E^^yEfi^asp 3 ); 

E T (AO/HO) = E(C,2sp 3 )-E T (c = C,2sp 3 ) = -14.63489 eF-(-1.13379 eV), and 

E T (AO I HO) - E^C^^p 3 ) =-15.56407 eV , wherein the calculated and measured 

25 values and constants recited in the equations herein can be adjusted, for example, up to + 
10%, if desired. 
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326. The system of claim 1, wherein to solve the bond parameters and energies, 



h 4m 



o 



act. 



m t e 2 2C x C 2 a V 2QC 2 



(Eq. (15.2)) is substituted into E T [h 2 uo) to give 



ftfi 4 



c x c 2 




a) a-Ja 2 -b 2 



+ E T (AO/HO) 



+ E T (AO/HO) 



t\e' 



2Cf 2 





| aa 0 


2C,C 2 


-4 




2Cf 2 



-1 



+ E T (AO/HO) 



(15.39) 

■ 

5 wherein the total energy is set equal to E(basis energies) which in the most general case is 
given by the sum of a first integer i\ times the total energy of H 2 minus a second integer 

times the total energy of H , minus a third integer times the valence energy of E (AO) 

(e.g. E(N) = -14.53414 eV) where the first integer can be 1,2,3... , and each of the second 
and third integers can be 0, 1, 2, 3 ... . 

10 

327. The system of claim 326, wherein 

E(basis energies) = n i (-31.63536831 e^-H^-lS.eOSSM eV)-n 3 E(AO) 

(15.40) 

in the case that the MO bonds two atoms other than hydrogen, E(basis energies) is t\ times 

15 the total energy of H 2 where w, is the number of equivalent bonds of the MO and the energy 

of H 29 -31.63536831 eK,Eq. (11.212) is the minimum energy possible for a prolate 
spheroidal MO: 

Eibasis energies) = r\ (-31.63536831 eV) (15.41) 

E T (h^o) , is set equal to E(basis energies) , and the semimajor axis a is solved. 

20 

328. The system of claims 289 or 326, wherein the semimajor axis a is solved from the 
equation of the form: 
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%7lSr 



2C,C 5 



C l C 2 



In 



2C,C 2 



a- S 
\2C,C 



-1 



+ £ r (^0 / HO) = E(basis energies) 



(15.42) 

The distance from the origin of the H 2 -type-ellipsoidal-MO to each focus c ' , the intemuclear 
distance 2c 1 , and the length of the semiminor axis of the prolate spheroidal H 2 -type MO 
5 b = c are solved from the semimajor axis a using Eqs. (15.2-15.4). 

329. The system of claim 328, wherein the component energies are given by Eqs. (1 5.6- 
15.9) and (15.39). 

10 330. The system of claim 323, wherein the total energy of the MO of the functional 

group, E^, (mo) 9 is the sum of the total energy of the components comprising the energy 

contribution of the MO formed between the participating atoms and 

E T {atom - atom, msp 3 .AQ) , the change in the energy of the AOs or HOs upon forming 



the bond. 



15 



331. The system of claim 330, wherein from Eqs. (15.39-15.40), E T (mo) is 
E r (mo) = E(basis energies) + Erj, [atom - atom, msp 3 AO} (1 5.43) 



332. The system of claim 33 1, wherein during bond formation, the electrons undergo a 
20 reentrant oscillatory orbit with vibration of the nuclei, and the corresponding energy E t 



osc 



is the sum of the Doppler, E D , and average vibrational kinetic energies, E Kvib 



E osc =n l (E D +E Kvib )^n l 



2E * +!».!* 



M 



\ 



(15.44) 



where w, is the number of equivalent bonds of the MO , k is the spring constant of the 
equivalent harmonic oscillator, and is the reduced mass. 



25 



333. The system of claim 332, wherein the angular frequency of the reentrant oscillation 
in the transition state corresponding to E D is determined by the force between the central 



WO 2007/051078 



PCT/US2006/042692 



961 

field and the electrons in the transition state. 



334. The system of claim 333,wherein the force and its derivative are given by 

C lo C 2o e 2 



/(*)=- 



BO 



4xs Q R' 



(15.45) 



5 and 



/•(a)=2c„%^ 



4ne 0 R: 



(15.46) 



such that the angular frequency of the oscillation in the transition state is given by 




OA,* 2 

*° 4tt£ R 3 



where R is the semimajor axis a or the semiminor axis b depending on the eccentricity of 
10 the bond that is most representative of the oscillation in the transition state, c m is the bond- 
order factor which is 1 for a single bond and when the MO comprises ^ equivalent single 
bonds as in the case of functional groups, c w is 4 for an independent double bond as in the 
case of the C0 2 and N0 2 molecules and 9 for an independent triplet bond, C l0 is the 
fraction of the H 2 -type ellipsoidal MO basis function of the oscillatory transition state of a 
1 5 chemical bond of the group, and C 2o is the factor that results in an equipotential energy match 

of the participating at least two atomic orbitals of the transition state of the chemical bond. 
. Typically, C\ 0 = C x and C 2o = C 2 , the kinetic energy, E K , corresponding to E D is given by 
Planck's equation for functional groups: . 



E K = fttf) = /M 



4xe 0 R 3 
m. 



(15.48) 



20 



335. The system of claim 334, wherein the Doppler energy of the electrons of the reentrant 
orbit is 



17 ~ L- 1 2E K 

= r 'hv\l___ 2 



2^ 


\C lo C 2o e 2 






m e c 2 



(15.49) 
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E esc given by the sum of E D and E Ktlb is 

f 



E ox W = E Kvlb ) = n, 



2ftA 

V m < , 



(15.50) 



of a group having n, bonds is given by E T (mo)/«, such that 



(15.51) 



5 E Tteu (omv) is given by the sum of Ej, (mo) (Eq. (15.42)) and E m (Eq. (15.51)): 



E T (uo)+E i 

(f 



osc 



2Cfi 2 



aa 0 



> V2CC 
In V 12 



V 2C,C 2 

+£ r (AO I HO) + £ r {atom - atom, msp 3 .AO) 



J 



1 + 





C, o C 20 e 2 








m e c 2 



^2 



= [Efbasis energies) + E T (atom - atom,msp 3 .AO^j 



1+ 



2^ 


\C lo C 2o e 2 


I 4a*.* 3 




m t c 2 



+ ft — 
^2 \fx 



(15.52). 



336. The system of claim 335, wherein the total energy of the functional group E T (group) is 

10 the sum of the total energy of the components comprising the energy contribution of the 
MO formed between the participating atoms, E(basis energies) , the change in the energy 

of the AOs or HOs upon forming the bond ( E T {atom - atom, msp 3 .AO) ), the energy of 
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oscillation in the transition state, and the change in magnetic energy with bond formation, 

E 

mag ' 



337. The system of claim 336, wherein from Eq. (1 5.52), the total energy of the group 

5 E T [Group) is 



E-* (Croup) — 



^E(basis energies)* E T {atom- atom, msp*.AO^ 



1 + 



2n \ 


C C e 2 


4ne B R 3 




m 0 c 2 



mag 



J 



(15.53). 



10 338. The system of claim 337, wherein the change in magnetic energy E mog which arises 



due to the formation of unpaired electrons in the corresponding fragments relative to the 
bonded group is given by 

.2*2 o — . ..2 

(15.54) 



■ 27V^e % Sx/J 0 M B 



where r 3 is the radius of the atom that reacts to form the bond and c, is the number of 



15 electron pairs. 

r 



E T [Group) — 



(E(basis energies) + E T [atom - atom, msp*ACty 



1 + 



1 





C C e 2 


2^ 


4frs 0 R 3 





m e c 



\ 



(15.55). 



339. The system of claim 338, wherein the total bond energy of the group E 0 (croup) is the 
20 negative difference of the total energy of the group (Eq. (1 5.55)) and the total energy of 
the starting species given by the sum of c^E lnmt (c 4 AQIHO) and c s E inUua (c 5 AO I HO) : 
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E D (Group) — ~ 



[E(basis energies) + E T [atom - atom, msp*Acty 
+«^»* + c 3 _ ( cA<(W (ao I HO) + c 5 E MM (c 5 AOIHO)) 



n 



(15.56). 



340, The system of claim 336, wherein in the case of organic molecules, the atoms of the 
5 functional groups are energy matched to the C2sp 3 HO such that 

= -14.63489 eV (15.57) 
For examples of E mag from previous sections: 

Wfl P) 3 r 3 3 (0.91771a 0 ) 3 3 

2 2 

(Olp) = c 3 ^± = c 3 = ^o.l 1441 e r (15.59) 



10 



a 



^ 0,14185 (15.60). 



(0.93084a 0 ) 



341 . The system of claim 3 40, wherein in the general case of the solution of an organic 
functional group, the geometric bond parameters are solved from the semimajor axis and 
the relationships between the parameters by first using Eq. (1 5.42) to arrive at a , the 

15 remaining parameters are determined using Eqs. (15.1-15.5), the energies are given by 

■ 

Eqs. (15.52-15.59), and to meet the equipotential condition for the union of the H 2 -type- 
ellipsoidal-MO and the HO or AO of the atom of a functional group, the factor c 2 of a 
# 2 -type ellipsoidal MO in principal Eqs. (15.42) and (15.52) may given by 



20 



(i) one: 

c 2 =l (15.61) 



(ii) the ratio that is less than one of 13.605804 eV , the magnitude of the Coulombic. 
energy between the electron and proton of H given by Eq. (1 .243), and the magnitude of the 
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Coulombic energy of the participating AO or HO of the atom, E Ceatgm6 [MO.atom, msp i \ 
given by Eqs. (15.19) and (15.31-15.32). For E^^ (MOxttom > msp 3 i > 13.605804 eV : 



e 2 



Sxs 9 a 0 _ 13.605804 eV 



e 2 



8^e„r, „ , . 



Ecc»iomb(MO.atom,msp 3 )\ 



(15.62) 



* A-BAorBsp 

For 



Ec ml o mi ( Maatom ' niS P 3 )\ <13.605804 eV : 



e 2 



E cm (MOxitom,msp 3 )\ 



2 e 2 13.605804 eV 

8^ 0 a 0 



(15.63) 



(iii) the ratio that is less than one of 13.605804 eV , the magnitude of the Coulombic 
energy between the electron and proton of H given by Eq. (1.243), and the magnitude of the 
valence energy, E(yalence) , of the participating AO or HO of the atom where Eiyalence) is 

10 the ionization energy or E \MOjatom > msp i J given by Eqs. (15.20) and (15.31-15.32). For 
|£(va/<?nce)|>13.605804 eV : 

e 2 



c 8flg 0 a 0 = 13.605804 eV 
e 2 |£(va/ewce)| 



For \E(yalence)\ <13.605804 eV : 



e 2 



= Wy , \E(valence)\ 

e 2 13.605804 eV ' ' 



8ra? 0 a 0 



15 



(iv) the ratio that is less than one of the magnitude of the Coulombic energy of the 
participating AO or HO of a first atom, £ c ^ om4 (M0.flfom,»wp 3 ) given by Eqs. (15.19) and 

(15.31-15.32), and the magnitude of the valence energy, Eiyalence) , of the participating AO 
or HO of a second atom to which the first is energy matched where Eiyalence) is the 
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ionization energy or E(MOxttom,msp 3 ) given by Eqs. (15.20) and (15.31-15.32). For 



^couimb [MO. atom, msp 3 )| > E(valence) : 

\E(yalence^ 



c 2 = --j- ■ ^ (15.66) 

B a + mt (MOMtom,msp )| 



For 



C 2 = 



Ecouhmk (MO.atom, msp 3 )| < E(yalence) : 
E Cm ,,o m t (MO.atom,msp 3 )\ 



\E(yalence)\ 



w 

(v) the ratio that is less than one of the magnitude of the valence-level energies, 
E tt {yalence) , of the AO or HO of the nth participating atom of two that are energy matched 

where E(yalence) is the ionization energy or E(MOxrtom,msp 3 ) given by Eqs. (15.20) and 

10 (15.31-15.32): 



C 2 = 



^(valence) 
E 2 (yalence) 



(vi) the factor that is the ratio of the hybridization factor % (l) of the valence AO or 
HO of a first atom and the hybridization factor c 2 (2) of the valence AO or HO of a second 
15 atom to which the first is energy matched where c 2 (n) is given by Eqs. (15.62-15.68); 

■ 

alternatively c 2 is the hybridization factor c 2 (l) of the valence AOs or HOs a first pair of 
atoms and the hybridization factor c 2 (2) of the valence AO or HO a third atom or second 
pair to which the first two are energy matched: 

c 2 =^l (15.69) 



c 2 (2) 



20 

(vu) the factor that is the product of the hybridization factor c 2 (l) of the valence AO 
or HO of a first atom and the hybridization factor c 2 (2) of the valence AO or HO of a second 
atom to which the first is energy matched where c 2 (n) is given by Eqs. (1 5.62-15.69); 
alternatively c 2 is the hybridization factor c 2 (l) of the valence AOs or HOs a first pair of 
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atoms and the hybridization factor c 2 (2) of the valence AO or HO a third atom or second 

pair to which the first two are energy matched: 
c 2 =c 2 (l)c 2 (2) (15.70) 

The hybridization factor c 2 corresponds to the force constant k (Eqs. (1 1 .65) and (13.58)). 

5 In the case that the valence or Coulombic energy of the AO or HO is less than 13.605804 eV , 
the magnitude of the Coulombic energy between the electron and proton of H given by Eq. 
(1.243), then C 2 corresponding to k* (Eq. (15.1)) is given by Eqs. (15.6245.70). 



342. The system of claim 341, wherein specific examples of the factors c 2 and C 2 of a 
10 H 2 -type ellipsoidal MO of Eq. (15.51) given in following sections are 

c 2 (Clsp'HO to F) = ^ffK , (C2sp 3 HO) = "? 4 f f 9 % (0.91771) = 0.77087 ; 
*\ y ' E{F) V ' -17.42282 eV y 1 

C 2 (C2sp 3 HO to ClU f ( C1 \. c 2 (C2sp 3 HO) = "'^ra *f (0.91771) = 0.81317; 
2V F } E(c,2sp 3 ) V / -14.63489 eV K ' 

C 2 (C2sp 3 HO to Br) = c 2 (C2sp 3 HO) = 81381 gF (0.91771) = 0.74081 ; 

2V * I E(C,2sp 3 ) V ' -14.63489 eV K 1 

C 2 (C2sp 3 HO to I) = f E ^\. c 2 (C2sp 3 HO) = =^4^^ (0.91771) = 0.65537 ; 
2V y ' E(C,2sp 3 ) V ' -14.63489eF v 7 

15 c 2 (C2sp 3 HOto 0)= % . cJC2sp 3 HO) = ~] 3 ^ 18 ^ C ^ (0.91771) = 0.85395; 

2V ; E{C,2sp 3 ) V ' -14.63489 eV x ' 

" ; £(C,2?>') -15.35946eF 

„ „ TN) . . -M*414 «K . 

n ; £(C,2sp') -15.56407 

„v £ ( s >3p) -10.36001 eV „,,,,, 
C, (S3, ft *) = = _ 13W580 ^ - 0.7«44 ; 



20 



g(g) !(„ M \ -10.36001 e F 



C 2 (C2sp 3 HO to S)= . y \ x c 2 (C2sp 3 HO) = „ (0.91771) = 0.64965; 

n ^ ' £(C,245p 3 ) n ; -14.63489 eF v ' 
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c 2 (O to S3sp 3 to C2sp 3 HO) = ^© c 2 (C2sp 3 HO) 

-13.61806 eV 



-10.36001 eV 
= 1.20632 



(0.91771); 



Ci {8 J\ m = -11-S7099.F = 

2 *> ^' £(#) -13.60580 

C 2 (Slsp 3 to O to C2sp 3 HO) = g / Q2 V g 2 (C2sp 3 HO) 

■ - 1U2126,y (0.91771) ; 
-13.61806 eF v 7 

= 0.77641 

c 2 (fl to #2/? to C2sp 3 HO) = ^7^ 2 (C2sp 3 HO) 

= -13.61806 eF (Q91771) 
-14.53414 eF v ' 
= 0.85987 

v c, (C2sp 3 HO toN) o 9 1 140 

(#2 d to 02 />) = ^ ( = = 1 -06727 ; 

V ^ ^ c 2 (C2sp 3 HO to O) 0.85395 



c 2 



C 2 [benzeneC2sp 3 HO) = c 2 (benzeneC2sp 3 HO) = 13 605804 eF = 0.85252 ; 

-/ 15.95955 cV 

(arylC2sp 3 HO to O) = 3 ^ c 2 (aryIC2sp 3 HO) 



m -13.61806 

-14.63489 v 7 
= 0.79329 

/rr r irt -14.53414 eK ft(VM „. 

c 2 (tf to anline JV) = , v ' = — — — - - = 0.921 71 , 
2V 1 E(C,2sp 3 ) -15.76868 eV 

c 2 [arylC2sp 3 HO to N) =^7^yj c 2 {arylC2sp 3 HO) 

10 = -14.53414 

-14.63489 eV K ' 
= 0.84665 
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c 2 (H ,o anline N). *fi£L . - 14 53414 " = 0.92171 ; 
2V ' E[C,2sp ) -15.76868 eV 

c 2 (arylC2sp 3 HO to N)= f\\ c 2 (arylC2sp 3 HO>) 



-14.53414 eV 

~ -14.63489 eV 
= 0.84665 



(0.85252) 



and 



„ , m ,„v £(£3/0 -10.36001 

C, (S3» to aryl-type C2sp 3 HO )= / ; s = : ^„. 0 „ = 
av ^ / ^ ^ J E[C,2sp 3 ) -15.76868 eV 



= 0.65700 . 



5 wherein the calculated and measured values and constants recited in the equations herein 
can be adjusted, for example, up to + 10%, if desired. 



343. The system of claim 1 , wherein the parameters of the point of intersection of each 
H 2 -type ellipsoidal MO and the A -atom AO are determined from the polar equation of 



10 the ellipse: 



r = r„ 



1 + e 



l+ecos0' 



(15.71). 



15 



344. The system of claim 343, wherein the radius of the A shell is r A , and the polar radial 

coordinate of the ellipse and the radius of the A shell are equal at the point of intersection 
such that 



r A ={a-c>) 



. c % 
a 



(15.72). 



1+— COS0 1 
a 



345. The system of claim 344, wherein the polar angle 9 ' at the intersection point is given 
by 



20 ' 



0 ! = cos 



-1 



a 

7 1 



1 + 



(15.73). 



JJ 



346. The system of claim 345, wherein the angle 0 AAO the radial vector of the A AO 
makes with the intermiclear axis is 
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0 AAO =l&O°-0' (15.74). 



347. The system of claim 345, wherein the distance from the point of intersection of the 
orbitals to the internuclear axis is the same for both component orbitals such that the 

5 angle cot = 0 ff ^ 0 between the internuclear axis and the point of intersection of each H 2 - 

type ellipsoidal MO with the A radial vector obeys the following relationship: 
r A sm9 AA0 =bsm0 HiKfO (15.75) 

such that 

^=sm 1 ^^ (15.76). 

10 

348. The system of claim 347, wherein the distance d H ^ 0 along the internuclear axis from 
the origin of H 2 -type ellipsoidal MO to the point of intersection of the orbitals is given by 

tfcosfl^ (15.77). 



1 5 349. The system of claim 347, wherein the distance d A A0 along the internuclear axis from 
the origin of the A atom to the point of intersection of the orbitals is given by 
d AA0 =c<-d H ^ 0 (15.78). 

350. The system of claim 1, wherein in ACB MO comprising a linear combination of 
20 C - A -bond and C - B ->bond MOs where C is the general central atom and a bond is 
possible between the A and B atoms of the C-A and C-B bonds, the ZACB bond 
angle is determined by the condition that the total energy of the H 2 -type ellipsoidal MO 

between the terminal A and B atoms is zero. 

25 351. Thesystemof claim 350, wherein the force constant k' of a # 2 -type ellipsoidal MO 

due to the equivalent of two point charges of at the foci is given by: 

^ i^ze (15?9) 
4tzs o 

where C, is the fraction of the H 2 -type ellipsoidal MO basis function of a chemical bond of 
the specie which is 0.75 (Eq. (1 3.59)) for a terminal A - H ( A is H or other atom) and 1 
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otherwise and C 2 is the factor that results in an equipotential energy match of the 

participating at least two atomic orbitals of the chemical bond and is equal to the 
corresponding factor of Eqs. (15.42) and (15.52). 

5 352, The system of claim 3 51, wherein the distance from the origin of the MO to each 
focus c ! of the A - B ellipsoidal MO is given by: 




353. The system of claim 351, wherein the internuclear distance is 



10 2c,=2 «'^' (15 - 81) - 



354. The system of claim 351, wherein the length of the semiminor axis of the prolate 
spheroidal A - B MO b = c is given by Eq. (15.4). 

15 355. The system of claim 351, wherein the component energies and the total energy, 

E T (h^o) , of the A - B bond are given by the energy equations (Eqs. (11 .207- 11.212), 

(1 1.213-1 1.217), and (1 1.239)) of H 2 except that the terms based on charge are 

multiplied by c B0 , the bond-order factor which is 1 for a single bond and when the MO 

comprises w, equivalent single bonds as in the case of functional groups, is 4 for an 

20 independent double bond as in the case of the C0 2 and N0 2 molecules. 



356. The system of claim 355, wherein the kinetic energy term is multiplied by c % B0 which 

is 1 for a single bond, 2 for a double bond, and 9/2 for a triple bond, the electron energy 
terms are multiplied by c t , the fraction of the H 2 -type ellipsoidal MO basis function of a 

25 terminal chemical bond which is 0.75 (Eq. (13.233)) for a terminal A-H {A is H or 
other atom) and 1 otherwise. 
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3 57. The system of claim 355, wherein the electron energy terms are further multiplied by 
c\ , the hybridization or energy-matching factor that results in an equipotential energy 

match of the participating at least two atomic orbitals of each terminal bond. 

5 358. The system of claim 350, wherein when A - B comprises atoms other than H , 
E T [atom - atom.msp* .AO} , the energy component due to the AO or HO's charge 

donation to the terminal MO, is added to the other energy terms to give E T {hjMo) : 



(15.82). 



87Z£ 0 C ! 



adtecn-c* ^]ln^-l 



'1^2 



'BO 



BO 



a 



a-c 



E T {atom-atom,msp z AO} 



■ « 



10 



359. The system of claim 350, the radiation reaction force in the case of the vibration of 
A - B in the transition state corresponds to the Doppler energy, E D , given by Eq. 

(11.181) that is dependent on the motion of the electrons and the nuclei. 

15 360. The system of claim 359, wherein the total energy that includes the radiation reaction 
ofthe A-B MO is given by the sum of E t (h^o) (Eq. (15.82)) and E^ given Eqs. 
(1 1 .213-1 1 .220), (1 1 .23 1 -1 1 .236), and (1 1 .239- 1 1 .240). 



361 . The system of claim 360, wherein the total energy E T (A - JB) of the A - B MO 
20 including the Doppler term is 



E T (A-B) = 



f 2 

-e 



&X€ 0 C ' 



^BO v BO „ 

a 



In 



a + c' 



a-c 



-1 



+ E T ( atom - atom, msp 3 .A 

> 



2h\ 



1+ 



'*° tea 3 



m. 



m e c- 



1 



2 \ 



J -2 



'BO 



C l C 2^ 



8fl£ g a 3 K7te 0 {a + c x ) 



(15.83) 

where Q 0 is the fraction of the H 2 -type ellipsoidal MO basis function of the oscillatory 
transition state of the^4 - B bond which is 0.75 (Eq. (13.233)) in the case of H bonding to a 
25 central atom and 1 otherwise, C lo is the factor that results in an equipotential energy match of 
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the participating at least two atomic orbitals of the transition state of the chemical bond, and 
/u = J !tEl i s the reduced mass of the nuclei given by Eq. (1 1.154). 

Mi +0*2 



362. The system of claim 36 1 , wherein to match the boundary condition that the total 
5 energy ofthe A-B ellipsoidal MO is zero, E T (A-B) given by Eq. (15.83) is set equal 



to zero and substitution of Eq. (15.81) into Eq. (15.83) gives 



0 = 




\ 



atom - atom, msp 3 AO} 



J 



(15.84). 



10 363. The system of claim 362, wherein the vibrational energy-term of Eq. (15.84) is 

determined by the forces between the central field and the electrons and those between the 
nuclei (Eqs. (11.141-11.145)). 



364. The system of claim 362, wherein the electron-central-field force and its derivative 
15 are given by 



Altera 



and 



A7cs 0 a : 



20 365. The system of claim 364, wherein the nuclear repulsion force and its derivative are 
given by 



/(a + c') = 



(15.87) 
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and 



/'(«+*') = 



(15.88) 



A7te Q (a+c ')" 

such that the angular frequency of the oscillation is given by 



CD- 





BO 



.2 



4^ 0 a 8;re 0 (a +<;')' 



(15.89). 



366. The system of claim 365, wherein since both terms of E QSC =E D + E Kvib are small due 

to the large values of a and c f , an approximation of Eq. (15.84) which is evaluated to 
determine the bond angles of functional groups is given by 



0 = 



-e 



{ 1 2C 5 C 2 



a + 



aa r 



C \ C 2 



' - N 11 2C,C 2 



In 



-1 



a- 



aa. 



2C,C 2 



E T {atom - atom,msp 3 .AO} 



J 



2M 


1 V 2 . 






m e c 2 



^ r» 2 



8flS 0 a" 



2CC 



10 



(15.90). 



367. The system of claim 366, wherein from the energy relationship given by Eq, (15.90) 
and the relationship between the axes given by Eqs. (15.2-15.5), the dimensions of the 
A-B MO can be solved. 



15 



368. The system of claim 367, wherein Eq. (1 5.90) is solved by the reiterative technique 
using a computer. 



369. The system of claim 366, wherein a factor c 2 of a given atom in the determination of 
20 c\ for calculating the zero of the total A-B bond energy is given by Eqs. (1 5.62-1 5.65). 
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370. The system of claim 369, wherein in the case of a H - H terminal bond of an alkyl 
or alkenyl group, c 2 is the ratio of c 2 of Eq. (15.62) for the H-H bond which is one and 

c 2 of the carbon of the corresponding C - H bond: 

1 13.605804 eV /lcniN 

d = r- = t rr (13.91) 

c 2 (CV) iw(C-#C2.p 3 ) 

5 wherein the calculated and measured values and constants recited in the equations herein can 
be adjusted, for example, up to + 10%, if desired. 

371 . The system of claim 366, wherein in the case of the determination of the bond angle 
of the ACH MO comprising a linear combination of C - A -bond and C - H -bond MOs 

1 0 where A and C are general, C is the central atom, and c 2 for an atom is given by Eqs. 

(15.62-15.70), c 2 of the A-H terminal bond is the ratio of c 2 of the A atom for the 
A-H terminal bond and c 2 of the C atom of the corresponding C -H bond: 

c c 2 (A(A-H)msp>) 
2 c 2 {C{C-H){msp l ) 



1 5 372. The system of claim 366, wherein in the case of the determination of the bond angle 
of the COH MO of an alcohol comprising a linear combination of C - O -bond and 
O - H -bond MOs where C , O , and H are carbon, oxygen, and hydrogen, respectively, 
c 2 of the C - H tenninal bond is 0.91771 since the oxygen and hydrogen atoms are at 
the Coulomb potential of a proton and an electron (Eqs. (1.236) and (10.162), 

20 respectively) that is energy matched to the Clsp z HO, wherein the calculated and 
measured values and constants recited in the equations herein can be adjusted, for 
example, up to ± 1 0%, if desired. 

373. The system of claim 366, wherein in the determination of the hybridization factor c 2 
25 of Eq. (1 5.90) from Eqs. (1 5.62-1 5.70), the Coulombic energy, E Coulomb {MOxitom, msp 3 ) , 

or the energy, E{MO.atom > msp^ , the radius r MAKa j of the A or B AO or HO of the 

heteroatom of the A - B terminal bond MO such as the C2sp 3 HO of a terminal C - C 
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bond is calculated using Eq. (1 5 32) by considering ]T E T ^ [MO, 2sp 3 ) , the total energy 
donation to each bond with which it participates in bonding as it forms the terminal bond. 

374. The system of claim 373, wherein the Covilombic energy E Cmthmb {MO.atom> msp 3 ) of 
5 the outer electron of the atom msp 3 shell is given by Eq. (15.19). 

375. The system of claim 374, wherein in the case that during hybridization, at least one of 
the spin-paired AO electrons is unpaired in the hybridized orbital (HO), the energy change 
for the promotion to the unpaired state is the magnetic energy E(magnetic) (Eq. (15.15)) 

10 at the initial radius r of the AO electron, and the energy E (MOxitom, msp 3 ) of the outer 

1 

electron of the atom msp 3 shell is given by the sum of E Cmlomb {MOxftom^msp 1 } and 
E(magnetic) (Eq. (15.20)). 

376. The system of claim 365, wherein in the specific case of the terminal bonding of two 
15 carbon atoms, the c 2 factor of each carbon given by Eq. (15.62) is determined using the 

Coulombic energy E Cou!amb (C-C C2sp 3 } of the outer electron of the C2sp 3 shell given 
by Eq. (15.19) with the radius r_ - „, 3 of each C2sp 3 HO of the terminal C-C bond 

calculated using Eq. (15.32) by considering ^E^ (MO,2sp 3 } 9 the total energy donation 

to each bond with which it participates in bonding as it forms the terminal bond including 
20 the contribution of the methylene energy, 0.92918 eV (Eq. (14.513)), corresponding to 

the terminal C-C bond. The corresponding E T {atom - atom 9 msp 3 AO} in Eq. (1 5 .90) is 

E T {C-C C2sp 3 ) = -1 .85836 e V , wherein the calculated and measured values and 

constants recited in the equations herein can be adjusted, for example, up to + 10%, if 
desired. 

25 

377. The system of claim 366, wherein in the case that the terminal atoms are carbon or 
other heteroatoms, the terminal bond comprises a linear combination of the HOs or AOs; 
thus, c\ is the average of the hybridization factors of the participating atoms 

corresponding to the normalized linear sum: 
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977 
(15.93) 



In the exemplary cases of C-C, O-O, and N-N where C is carbon: 



<4-I 

2 2 



\ 



8;ss 0 a 0 



2 



K ^S 0 r A ^ AA{AO)HO %K€o r A-AA 2 AOlHO j 

13.605804 



(15.94) 



13.605804 <?F 



In the exemplary cases of C-N , C-O, and C~S, 



2 2 



13.605804 eV 



F 

y ^Coulomb 



(15.95) 



where C is carbon and c 2 (C ro 5) is the hybridization factor of Eqs. (15.52) and (15.84) that 
matches the energy of the atom B to that of the atom C in the group. 



378. The system of claim 363, wherein the corresponding E T [atom - atom, msp* AO} 

10 term in Eq. (15.90) depends on the hybridization and bond order of the terminal atoms in 
the molecule, but typical values matching those used in the determination of the bond 
energies (Eq. (15.56)) are 

E T (C-0 C2sp\02p) = -1.44915 eV ; E T (C-0 C2sp\02p) = -l .65376 eV ; 

E T (C-N C2sp i Jf2p) = -\M9\5 eV; E T (C-S C2sp 3 JS2p) = -0.72457 eV ; 
15 E T (0-0 02p.02p) = -lM915eV; E T (0-0 02p.02p) = -1.65376 eV ; 

E T (N-N N2p.N2p) = -1.44915 eV ; Ej. (N-ON2p.02p) = -1.44915 eV ; 

E T (F-F F2p.F2p) = -1.44915 eV; E r (Cl-Cl Cl3p.Cl3p) = -0.929 18 eV ; 

E T {Br -Br Br4p.BHp) = -0.92918 eV ; E T (I -I I5p.I5p) = -0.36229 eV; 

E T (C-F C2sp\F2p) = -\.&5&36eV; E T (c- CI C2sp 3 .Cl3p) = -0.92918 eV; 
20 E T (C-Br C2sp\BrAp) = -0.72457 eV ; E T (C-I C2sp\l5p) = -0.36228 eV , and 

E T {0 CI 02p.Cl3p) ^"^^ e ^ } wherein the calculated and measured values and 
constants recited in the equations herein can be adjusted, for example, up to + 10%, if desired. 
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379. The system of claim 366, wherein in the case that the terminal bond is X - X where 
X is a halogen atom, c, is one, and c 2 is the average (Eq. (15.93)) of the hybridization 
factors of the participating halogen atoms given by Eqs. (1 5.62-15.63) where 
5 Ecouimb {MOjatom* msp* ) is determined using Eq. (1 5.32) and 

E couimb (MOjatom,msp*) = 13.605804 eV for X = / . 



380. The system of claim 379, wherein the factor C x of Eq. (15.90) is one for all halogen 
atoms. 

10 

381. The system of claim 379, wherein the factor C 2 of fluorine is one since it is the only 

halogen wherein the ionization energy is greater than that 1 3,605804 eV , the magnitude 
of the Coulombic energy between the electron and proton of H given by Eq. (1 .243), 
wherein the calculated and measured values and constants recited in the equations herein 
1 5 can be adjusted, for example, up to ± 1 0%, if desired. 

382. The system of claim 379, wherein for each of the halogens, CI , Br , and / , C 2 is 
the hybridization factor of Eq. (15.52) given by Eq. (15.70) with c 2 (l) being that of the 
halogen given by Eq. (15.68) that matches the valence energy of X (JE, (valence)) to that 

20 of the C2sp* HO (E 2 (valence) = -14.63489 eV , Eq. (15.25)) and to the hybridization of 

C2sp 3 HO (c 2 (2) = 0.91771 , Eq. (13.430)), wherein the calculated and measured values 

and constants recited in the equations herein can be adjusted, for example, up to + 1 0%, if 
desired. 

25 383. The system of claim 382, wherein E T (atom - atom,msp 3 AO) of Eq. (15.90) is the 

maximum for the participating atoms which is -1.44915 eV , -0.92918 eV , 
-0.92918 eV , and -0.33582 eV for F , CI , Br , and I , respectively, wherein the 
calculated and measured values and constants recited in the equations herein can be 
adjusted, for example, up to + 10%, if desired. 

30 
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3 84. The system of claim 3 66, wherein in the case that the terminal bond is C - X where 
C is a carbon atom and X is a halogen atom, the factors c { and C, of Eq. (15.90) are 

one for all halogen atoms. 

5 385. The system of claim 384, wherein for X = F , c 2 is the average (Eq. (15.95)) of the 
hybridization factors of the participating carbon and F atoms where c 2 for carbon is 
given by Eq. (15.62) and c 2 for fluorine matched to carbon is given by Eq. (15.70) with 
c 2 (l) for the fluorine atom given by Eq. (1 5.68) that matches the valence energy of F 
(E x (valence) = -17.42282 eV) to that of the C2sp 3 HO (E 2 (valence) = -14.63489 eV, 

10 Eq. (15.25)) and to the hybridization of C2sp 3 HO (c 2 (2) = 0.91771 , Eq. (13.430)), 

wherein the calculated and measured values and constants recited in the equations herein 
can be adjusted, for example, up to + 10%, if desired. 

386. The system of claim 385, wherein the factor C 2 of fluorine is one since it is the only 

15 halogen wherein the ionization energy is greater than that 13.605804 eV , the magnitude 
of the Coulombic energy between the electron and proton of H given by Eq. (1 .243), 
wherein the calculated and measured values and constants recited in the equations herein 

■ 

can be adjusted, for example, up to + 10%, if desired. 

20 387. The system of claim 385, wherein for each of the other halogens, CI , Br , and J , d 2 

is the hybridization factor of the participating carbon atom since the halogen atom is 
energy matched to the carbon atom. 

388. The system of claim 387, wherein the C 2 of the terminal-atom bond matches that 
25 used to determine the energies of the corresponding C - X -bond MO. 

389. The system of claim 388, wherein C 2 is the hybridization factor of Eq. (15.52) given 
by Eq. (15.70) with c 2 (l) for the halogen atom given by Eq. (15.68) that matches the 
valence energy of X (2^ (valence) ) to that of the C2sp z HO 

30 (E 2 (valence) = -14.63489 eV , Eq. (15.25)) and to the hybridization of C2sp 3 HO 
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(c 2 (2) = 0.91771 , Eq. (13.430)), wherein the calculated and measured values and 

constants recited in the equations herein can be adjusted, for example, up to ± 10%, if 
desired. 

5 390. The system of claim 385, wherein E T [atom-atom 9 msp z .AO) of Eq. (15.90) is the 

maximum for the participating atoms which is -1 .85836 eV , -0.9291 8 eV , 
-0.72457 eV , and -0.33582 eV for F>Cl,Br y and / , respectively, wherein the 
calculated and measured values and constants recited in the equations herein can be 
adjusted, for example, up to ± 10%, if desired. 

10 

391 . The system of claim 385, wherein in the case that the terminal bond is H -X 
corresponding to the angle of the atoms HCX where C is a carbon atom and X is a 
halogen atom, the factors c x and C, ofEq. (15.90) are 0.75 for all halogen atoms. 

* 

15 392. The system of claim 3 85, wherein for X = F , c' 2 is given by Eq; (1 5 .69) with c 2 of 
the participating carbon and F atoms given by Eq. (15.62) and Eq. (15.65), respectively. 

393. The system of claim 392, wherein the factor C 2 of fluorine is one since it is the only 

halogen wherein the ionization energy is greater than that 13.605804 eV , the magnitude 
20 of the Coulombic energy between the electron and proton of H given by Eq. (1 .243), 

wherein the calculated and measured values and constants recited in the equations herein 
can be adjusted, for example, up to + 1 0%, if desired. 

394. The system of claim 393, wherein for each of the other halogens, CI , Br , and J , c 2 
25 is also given by Eq. (15.69) with c 2 of the participating carbon given by Eq. (15.62) and 

c 2 of the participating X atom given by c 2 =0.91771 (Eq. (13.430)) since the X atom is 
energy matched to the C2sp 3 HO. 

395. The system of claim 394, wherein C 2 is given by Eq. (15.65) for the corresponding 
30 atom X where C 2 matches the energy of the atom X to that of H. 
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* 

396. The system of claim 366, wherein the distance between the two atoms A and B of 
the general molecular group A CB when the total energy of the corresponding A-B MO 
is zero, the corresponding bond angle can be determined from the law of cosines: 

s { 2 + s 2 -2s ] s 2 cosine0 = s 3 2 (15.96). 



397. The system of claim 396, wherein with s t = 2c' c _ A , the internuclear distance of the 
C-A bond, s 2 = 2c' Cm . B , the internuclear distance of each C-B bond, and s 3 = 2c 9 A _ a , 
the internuclear distance of the two terminal atoms, the bond angle O^cb between the 
C-A and C-B bonds is given by 

10 (2c' c _ A ) 7 ^+(2c' c . B ) 2 -2(2c^)(2c^)cosine^ = (2cV.) 2 (15.97) 

(15.98). 



6zacb = cos' 1 



f (2 g ' c ,,) 2 + (2c' c ,,) 2 -(2c l ,, /> ) : 



2{2c' c _ A )(2c' c _ B ) 



398. The system of claim 397, wherein the structure C b C a (O a )O b wherein C a is boimd to 
C b , O a , and O b , the three bonds are coplanar and two of the angles are known, say 0 X 
1 5 and d 2 , then the third 0 3 can be determined geometrically: 
03 =360-^-02 (15.99) 



399. The system of claim 397, wherein in the general case that two of the three coplanar 
bonds are equivalent and one of the angles is known, say 0 } , then the second and third can 

20 be determined geometrically: 

0 2 =0^( 36O ~ e v (15.100). 

2 



400. The system of claim 1, wherein in the general case where the group comprises three 
A-B bonds having B as the central atom at the apex of a pyramidal structure formed by 
25 the three bonds with the A atoms at the base in the xy-plane. 



401. The system of claim 400, wherein the C 3v axis centered on B is defined as the 
vertical or z-axis, and any two A-B bonds form an isosceles triangle, and the angle of 
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the bonds and the distances from and along the z-axis are determined from the 
geometrical relationships given by Eqs. (13.412-13.416): 

the distance d origin _ B from the origin to the nucleus of a terminal B atom is given by 

d rtfftn _ B = 2c ' B ~ B (15.101) 
2sin60° V } 

5 the height along the z-axis from the origin to the A nucleus d /telght is given by 



= > /(2c',_ B ) 2 -(^ n _ B ) 2 , and (15.102) 
the angle 0 V of each A - B bond from the z-axis is given by 



6 V = tan 



-i 



^origin— B 
\ ^height J 



(15.103). 



10 402. The system of claim 401, wherein in the case where the central atom B is further 
bound to a fourth atom C and the B - C bond is along the z-axis. Then, the bond 

given by Eq. (14.206) is 

<W =180-0, (15.104). 



15 

403. The system of claim 400, wherein in the plane defined by a general ACA MO 
comprising a linear combination of two C-A -bond MOs where C is the central atom, 
the dihedral angle 0^ CIACA between the ACA -plane and a line defined by a third bond 

with C , specifically that corresponding to a C - B -bond MO, is calculated from the bond 
20 angle and the distances between the A , B , and C atoms. 



404. The system of claim 403, wherein the distance d x along the bisector of from 
C to the internuclear-distance line between A and A , 2c \_ A , is given by 

4=2c' c ^cos^^ (15.105) 
25 where 2c % C _ A is the internuclear distance between A and C . 



405. The system of claim 404, wherein the atoms A , A , and B define the base of a 
pyramid. 
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406. The system of claim 405, wherein the pyramidal angle can be solved from the 



internuclear distances between A and A 9 2c \_ A , and between A and B, 2c * A _ B , using 



the law of cosines (Eq. (15.98)): 



-i 



'(2c< A _ B ) 2 + (2c> A _ B ) 2 -(2c> A _ A )* 



2(2c' A . B ){2c' A _ B ) 



(15.106). 



407. The system of claim 406, wherein the distance d 2 along the bisector of 0 tLABA from B 
to the intemuclear-distance line 2c \_ A , is given by 

d 2 = 2c \_ B cos (1 5. 1 07). 

408. The system of claim 407, wherein the lengths d x , d 2> and 2c * C _ B define a triangle 
wherein the angle between rf, and the internuclear distance between B and C , 2c l c _ B , is 
the dihedral angle O&c/aca that can be solved using the law of cosines (Eq. (15.98)): 

<+(2c' c . B ) 2 -4 2 l 



/ 

&ZBCIACA ~ COS 



(15.108). 



^ 2d x {2c^) 
15 

409. The system of claim 1, wherein the specie are solved using the solutions of organic 
chemical functional groups as basis elements wherein the structures and energies where 
linearly added to achieve the molecular solutions, each functional group can be treated as 
a building block to form any desired molecular solution from the corresponding linear 
20 combination, each functional group element was solved using the atomic orbital and 

hybrid orbital spherical orbitsphere solutions bridged by molecular orbitals comprised of 
the H 2 -type prolate spheroidal solution given in the Nature of the Chemical Bond of 

Hydrogen-Type Molecules section, the energy of each MO was matched at the HO or AO 
by matching the hybridization and total energy of the MO to the AOs and HOs, the energy 

25 E mag ( e -8- gi ven b y £ q- (15.58)) for a C2sp 3 HO and Eq.(15.59) for an 02p AO) was 

subtracted for each set of unpaired electrons created by bond breakage. 
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410. They system of claim 409, wherein the bond energy is not equal to the component 
energy of each bond as it exists in the specie, although, they are close. 

411. The system of claim 409, wherein the total energy of each group is its contribution to 
5 the total energy of the specie as a whole. 

412. The system of claim 409, wherein the determination of the bond energies for the 
creation of the separate parts must take into account the energy of the formation of any 
radicals and any redistribution of charge density within the pieces and the corresponding 

1 0 energy change with bond cleavage. 

■ 

413. The system of claim 409, wherein the vibrational energy in the transition state is 

... ( 

dependent on the other groups that are bound to a given functional group, which will 

■ 

effect the functional-group energy, however because the variations in the energy based on 
15 the balance of the molecular composition are typically of the order of a few hundreds of 
electron volts at most, they are neglected. 

414. The system of claim 409, wherein the energy of each functional-group MO bonding to 
a given carbon HO is independently matched to the HO by subtracting the contribution to 

20 the change in the energy of the HO from the total MO energy given by the sum of the MO 

> 

contributions and E(C,2sp 3 ) = -14.63489 eV (Eq. (13.428)). 

4 

t 

415. The system of claim 409, wherein the intercept angles are determined from Eqs. 
(15.71-15.78) using the final radius of the HO of each atom. 

25 

416. The system of claim 409, wherein a final carbon-atom radius is determined using Eqs. 
(15.32) wherein the sum of the energy contributions of each atom to all the MOs in which 
it participates in bonding is determined. 

30 417. The system of claim 416, wherein the final radius is used in Eqs. (15.19) and (15.20) 
to calculate the final valence energy of the HO of each atom at the corresponding final 
radius. 
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418. The system of claim 417, wherein the radius of any bonding heteroatom that 
contributes to a MO is calculated in the same manner, and the energy of its outermost 
shell is matched to that of the MO by the hybridization factor between the carbon-HO 
energy and the energy of the heteroatomic shell. 

5 

419. The system of claim 416, wherein the donation of electron density to the AOs and 
HOs reduces the energy. 

420. The system of claim 419, wherein the donation of the electron density to the MO's at 
10 each AO or HO is that which causes the resulting energy to be divided equally between 

the participating AOs or HOs to achieve energy matching. 

« IV, t t 

\ 

421 . The system of claim 1, wherein the molecular solutions are used to design synthetic 
pathways and predict product yields based on equilibrium constants calculated from the 

1 5 heats of formation. 

422. The system of claim 1, wherein the new stable compositions of matter are predicted as 
well as the structures of combinatorial chemistry reactions. 

20 423 . The system of claim 1 , wherein pharmaceutical applications include the ability to 

graphically or computationally render the structures of drugs that permit the identification 
of the biologically active parts of the specie to be identified from the common spatial 
charge-density functions of a series of active species. 

25 424. The system of claim 1, wherein novel drugs are designed according to geometrical 

parameters and bonding interactions with the data of the structure of the active site of the 
drug. 

425. The system of claim 1, wherein to calculate conformations, folding, and physical 
30 properties, the exact solutions of the charge distributions in any given specie are used to 

■ 

calculate the fields, and from the fields, the interactions between groups of the same 
specie or between groups on different species are calculated wherein the interactions are 
distance and relative orientation dependent. 
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426. The system of claim 425, the fields and interactions can be determined using a finite- 
element-analysis approach of Maxwell's equations. 



427. The system of claim 1 , wherein in the case where three sets of C = C -bond MOs 
5 form bonds between the two carbon atoms of each molecule to form a six-member ring 
such that the six resulting bonds comprise eighteen paired electrons, and each bond 

comprises a linear combination of two MOs wherein each comprises two C2sp* HOs and 
75% of a tf 2 -type ellipsoidal MO divided between the C2sp 3 HOs: 



10 



3(2 C2sp 3 + 0.75 H 2 MOy> 3t=c)- ethylene -type- bond MO 



l->6 



bond MO of benzene 



(15.142). 



428. The system of claim 427, wherein the linear combination of each H 2 -type ellipsoidal 
MO with each C2sp 3 HO further comprises an excess 25% charge-density contribution 



per bond from each C2sp 3 HO to the C = C-bond MO to achieve an energy minimum. 



15 429. The system of claim 427, wherein the dimensional parameters of each bond C = C- 
bond are determined using Eqs. (15.42) and (15.1-15.5) in a form that are the same 
equations as those used to determine the same parameters of the C = C -bond MO of 
ethylene (Eqs. (14.242-14.268)) while matching the boundary conditions of the structure 
of benzene. 

20 

430. The system of claim 427, wherein hybridization with 25% electron donation to each 
C = C -bond gives rise to the C bena J2sp z HO-shell Coulombic energy 

*c^(c.— ^) g^en by Eq. (14.245). 
25 43 1 . The system of claim 427, wherein to meet the equipotential condition of the union of 

3e 

the six C2sp 3 HOs, c 2 and C 2 of Eq. (15.42) for the aromatic C=C-bond MO is given 
by Eq. (15.62) as the ratio of 15.95955 eV , the magnitude of E OM (c^^,2sp 3 ) (Eq. 
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(14.245)), and 13.605804 eV , the magnitude of the Coulombic energy between the 
electron and proton of H (Eq. (1.243)): 

C 2 (benzeneC2sp % HOy c 2 {benzemClsp s HO)= j ~ - 0.85252 (15.143) 

wherein the calculated and measured values and constants recited in the equations herein can 
5 be adjusted, for example, up to ± 10%, if desired. 



3e 

432. The system of claim 427, wherein the energies of each C= C bond of benzene are 
determined using the same equations as those of ethylene (Eqs. (14.251-14.253) and 
(14.319-14.333) with the parameters of benzene. 

10 

3e 

433 . The system of claim 427, wherein ethylene serves as a basis element for the C = C 
bonding of benzene wherein each of the six C=C bonds of benzene comprises 



(0.75)(4)= 3 electrons according to Eq. (15.142). 



1 5 434. The system of claim 427, wherein the total energy of the bonds of the eighteen 

electrons of the C=C bonds of benzene. E T £ 6 tf 6 ,C=c) is given by (6)(0.75) times 



E t+osc ( c = c ^ CBq. (14.492)), the total energy of the C=C -bond MO of benzene 
including the Doppler term, minus eighteen times £(c,2sp 3 ) (Eq. (14.146)), the initial 

3e 

energy of each C2sp $ HO of each C that forms the C=C bonds of bond order two. 



20 



3e 

43 5 . The system of claim 427, wherein the total energy of the six C = C bonds of benzene 
with three electron per aromatic bond given by Eq. (14.493) is 

f 3e } 



E r 



C 6 H 6 ,C=C\ = (6X075X +we (C = C> (e^yfc^) 

= (6)(0.75)(-66.05796 eV)- 18(-14.63489 eV) (15.144) 
= -297.2608 1 eV - (-263.42798 eV) . 
= -33.83284 eV 



WO 2007/051078 



PCT/US2006/042692 



988 

wherein the calculated and measured values and constants recited in the equations herein can 
be adjusted, for example, up to + 1 0%, if desired. 

436. The system of claim 427, wherein the results of benzene can be generalized to the 
class of aromatic and heterocyclic compounds. E hv of an aromatic bond is given by 

E T (ff 2 ) (Eqs. (11.212) and (14.486)), the maximum total energy of each # 2 -type MO 



such that 



-31.63536831 eV, 



Mc 1 2 V> 



(15.145), 



wherein the calculated and measured values and constants recited in the equations herein can 
10 be adjusted, for example, up to + 10%, if desired. 

437. The system of claim 435, wherein the factor of 0.75 corresponding to the three 
electrons per aromatic bond of bond order two given in the Benzene Molecule (C 6 H 6 ) 



section modifies Eqs. (15.52-15.56). 



15 



438. The system of claim 437, wherein the multiplication of the total energy given by Eq. 

(15.55) by f x = 0.75 with the substitution of Eq. (15.145) gives the total energy of the 

* 

aromatic bond: 



E(basis energies) + E T (atom - atom.msp^ .AC)) 



20 



E T ($rwp)= f x 



r 



-31.63536831 eV 



m 



mc 

c 



8 w4 



(15.146) 



wherein the calculated and measured values and constants recited in the equations herein can 
be adjusted, for example, up to ± 10%, if desired. 



439. The system of claim 427, wherein the total bond energy of the aromatic group 
25 E D (cr W />) is the negative difference of the total energy of the group (Eq. (15.1 46)) and the 
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total energy of the starting species given by the sum of c A E Mtial (c 4 AO I HO) and 
^^AO/HO): 



( 



E{basis energies) + E T (atom - atom > msp 3 .AO^ 



-31.63536831 eV 



lo 2o 



{- ('A- (AO I « A« (*, AO I HO)) 



J 



(15.147), wherein the calculated and measured values and constants recited in the 
5 equations herein can.be adjusted, for example, up to ± 1 0%, if desired. 

440. The system of claim 427, wherein benzene is considered as comprising chemical 
bonds between six CH radicals wherein each radical comprises a chemical bond between 

carbon and hydrogen atoms, energy components of V e , V , T , V m9 and E T are the same 

10 as those of the hydrogen carbide radical, except that £ r (C = C,2.sp 3 ^= -1,13379 eV (Eq. 
(14.247)) is subtracted from E T (CH) of Eq. (13.495) to match the energy of each 

C - //-bond MO to the decrease in the energy of the corresponding C2sp 3 HO, wherein 

the calculated and measured values and constants recited in the equations herein can be 
adjusted, for example, up to ± 10%, if desired. 

15 

441 . The system of claim 440, wherein in the corresponding generalization of the aromatic 
CH group, the geometrical parameters are determined using Eq. (15.42) and Eqs. (15.1- 

15.5) with E T (atom - atom y msp 3 AO^ -1.13379 eV wherein the calculated and 

measured values and constants recited in the equations herein can be adjusted, for 
20 example, up to + 10%, if desired. 



442. The system of claim 440, wherein the total energy of the benzene C - H -bond MO, 
E T [C-H) 9 given by Eq. (14.467) is the sum of 0.5E T (c = C, 2sp 3 \ the energy 

change of each C2sp 3 shell per single bond due to the decrease in radius with the 
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formation of the corresponding C=C -bond MO (Eq. (14.247)), and E T (ch\ the 



MO contribution given by Eq. (14.441). In the corresponding generalization of the 
aromatic CH group, the energy parameters are determined using Eqs. (15.146-15.147) 

(\ -1 13379 eV 
atom - atom 9 msp z AOy= — : — , wherein the calculated and 

5 measured values and constants recited in the equations herein can be adjusted, for 
example, up to + 10%, if desired. 

443. The system of claim 442, wherein the energy contribution to the single aromatic CH 
bond is one half that of the C= C double bond contribution, which matches the energies 

3c 

10 of the CH and C = C aromatic groups, conserves the electron number with the equivalent 
charge density as that of s = 1 in Eqs. (15.18-15.21), and further gives a minimum energy 
for the molecule. 



444. The system of claim 443, wherein the breakage of the aromatic C~C bonds to give 

1 5 CH groups creates unpaired electrons in these fragments that corresponds to c 3 = 1 in Eq. 

(15.56) with E aag given by Eq. (15.58). 

445. The system of claim 444, wherein each of the C - H bonds of benzene comprises two 
electrons according to Eq. (14.439). 

20 

446. The system of claim 445, wherein from the energy of each C - H bond, 

« 

-E D ( X2 CH) (Eq. (14.477)), the total energy of the twelve electrons of the six C - H 
bonds of benzene, E T (C 6 H 6> C - H), given by Eq. (14.494) is 

E T (C 6 H 6 ,C-Hy (6)^£ DtoM ( 2 C# ))= 6(-3.90454 eV)= -23.42724 eV 

25 (15.148), wherein the calculated and measured values and constants recited in the 

equations herein can be adjusted, for example, up to + 10%, if desired. 
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447. The system of claim 440, wherein the total bond dissociation energy of benzene, 



r 



(Eq. 



E D (C 6 if 6 ), given by Eq. (14.495) is the negative sum of E T \C 6 H 6 ,C=C 
(14.493)) and E T (C 6 H 6 ,C - H) (Eq. (14.494)): 

E D (C 6 H 6 )= -{E T (C 6 H 6 ,C=cj + E T (C 6 H 6 ,C - 

= - ((-33.83284 eV^ (-23.42724 eK)) (1 5.149) 

= 57.2601 eV 

5 wherein the calculated and measured values and constants recited in the equations herein can 
be adjusted, for example, up to + 10%, if desired. 



448. The system of claim 447, wherein using the parameters given in Tables 15.214 and 
15.216 in the general equations (Eqs. (15.42), (15.1-15.5X and (15.146-15.147)) 

1 0 reproduces the results for benzene given in the Benzene Molecule ( C 6 H 6 ) section as 
shown in Tables 15.214 and 15.216. 

449. A system of computing and rendering the nature of at least one specie selected from a 
group of diatomic molecules having at least one atom that is other than hydrogen, 

1 5 polyatomic molecules, molecular ions, polyatomic molecular ions, or molecular radicals, 
or any functional group therein, comprising physical, Maxwellian solutions of charge, 
mass, and current density functions of said specie, said system comprising: 

processing means for processing physical, Maxwellian equations representing charge, 
mass, and current density functions of said specie to produce at least one Maxwellian 
20 solution; and 

an output means for outputting the Maxwellian solution. 

450. The system of claim 449, further comprising a data transfer system for inputting 
numerical data into or out of a computational components and storage components of the 

25 . main system. 



45 1 . The system of claim 449, further comprising a spreadsheet containing solutions of the 
bond parameters with output in a standard spreadsheet format 
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452. The system of claim 45 1 , further comprising a data-handling program to transfer data 
from the spreadsheets into the main program. 

5 453 . The system of claim 449, wherein output may be at least one of graphical, simulation, 
text, and numerical data. 



454. The system of claim 453, wherein the output may be the calculation of at least one of: 
(1) a bond distance between two of the atoms; (2) a bond angle between three of the 

1 0 atoms; (3) a bond energy between two of the atoms; (4) orbital intercept distances and 
angles; and (5) charge-density functions of atomic, hybridized, and molecular orbitals, 
wherein the bond distance, bond angle, and bond energy are calculated from physical 
solutions of the charge, mass, and current density functions of atoms and atomic ions, 
which solutions are derived from Maxwell's equations using a constraint that a bound 

1 5 electrons) does not radiate under acceleration 

■ 

455. The system of claim 449, wherein the charge, current, energy, and geometrical 
parameters are output to be inputs to other programs that can be used in further 
applications. 

20 

456. The system of claim 455, wherein the data of heats of formation can be input to 
another program to be used to predict stability (existence of compounds) equilibrium 
constants and to predict synthetic pathways. 

25 457. The system of claim 456, wherein novel composition of matters can be discovered by 
calculating at least one of a bond distance between two of the atoms, a bond angle 
between three of the atoms, and a bond energy between two of the atoms, orbital intercept 
distances and angles, charge-density functions of atomic, hybridized, and molecular 
orbitals, the bond distance, bond angle, and bond energy being calculated from physical 

30 solutions of the charge, mass, and current density functions of atoms and atomic ions, 
which solutions are derived from Maxwell's equations using a constraint that a bound 
electron(s) does not radiate under acceleration. 
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458. The system of claim 456, wherein the charge and current density functions can be 
used to predict the electric and magnetic fields of the species to determine other properties 
due to the interaction of the fields between species. 

5 459. The system of claim 458, wherein finite-element analysis is used to predict or 

calculate the interaction and resulting properties, such as the freezing point, boiling point, 
density, viscosity, and refractive index. 



460. The system of claim 449, wherein the output data can be used to give thermodynamic, 
10 spectroscopic, and other properties, aid in drug design and other applications with or 

without direct visualization. 

461 . The system of claim 449, wherein the data can be input into other programs of the 
system, which calculate thermodynamic and other properties, or performs a simulation, 

1 5 such as a chemical reaction or molecular dynamics. 

462. A method of using any of the systems or compositions of matter of claims 1 -46 1 . 

■ 

463. A use of any system or composition of matter of claims 1-461. 

20 
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Section IV 

ORGANIC MOLECULAR FUNCTIONAL GROUPS 

AND MOLECULES 

5 Organic molecules comprising an arbitrary number of atoms can be solved using the similar 
principles and procedures as those used to solve alkanes of arbitrary length. Alkanes can be 
considered to be comprised of the functional groups of CH 3 , CH 2 , and C - C . These groups 

■ 

with the corresponding geometrical parameters and energies can be added as a linear sum to 
give the solution of any straight chain alkane as shown in the Continuous-Chain Alkanes 

10 section. Similarly, the geometrical parameters and energies of all functional groups such as 
alkanes, branched alkanes, alkenes, branched alkenes, alkynes, alkyl fluorides, alkyl 
chlorides, alkyl bromides, alkyl iodides, alkene halides, primary alcohols, secondary alcohols, 
tertiary alcohols, ethers, primary amines, secondary amines, tertiary amines, aldehydes, 
ketones, carboxylic acids, carboxylic esters, amides, N-alkyl amides, N,N-dialkyl amides, 

15 urea, acid halides, acid anhydrides, nitriles, thiols, sulfides, disulfides, sulfoxides, sulfones, 
sulfites, sulfates, nitro alkanes, nitrites, nitrates, conjugated polyenes, aromatics, heterocyclic 
aromatics, substituted aromatics, and others can be solved. The functional-group solutions 
can be made into a linear superposition and sum, respectively, to give the solution of any 
organic molecule. The solutions of the functional groups can be conveniently obtained by 

20 using generalized forms of the geometrical and energy equations. The equations and sections 
that are referenced by not contained in this text refer to those sections and equations of the 
book by R. L. Mills entitled, "The Grand Unified Theory of Classical Quantum Mechanics", 
June 2006 Edition, Cadmus Professional Communications-Science Press Division, Ephrata, 
PA, ISBN 0963517171, Library of Congress Control Number 2005936834; posted at 

25 http://www.blackIightpowerxom/bookdowiiload.shtiPl which is incorporated in its 
entirety by reference. 

Consider the case wherein at least two atomic orbital hybridize as a linear 
combination of electrons at the same energy in order to achieve a bond at an energy 
minimum, and the sharing of electrons between two or more such orbitals to form a MO 
30 permits the participating hybridized orbitals to decrease in energy through a decrease in the 
radius of one or more of the participating orbitals. The force generalized constant fc 1 of a 
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H 2 -type ellipsoidal MO due to the equivalent of two point charges of at the foci is given by: 

CC 2e 2 
4j*2 0 

where C x is the fraction of the H 2 -type ellipsoidal MO basis function of a chemical bond of 

the molecule or molecular ion which is 0,75 (Eq. (13.59)) in the case of H bonding to a 

5 central atom and 0.5 (Eq. (14.152)) otherwise, and C 2 is the factor that results in an 

equipotential energy match of the participating at least two molecular or atomic orbitals of the 
chemical bond. From Eqs. (13.58-13.63), the distance from the origin of the MO to each 
focus c' is given by: 



c'-gj -J-3- (15.2) 



10 The internuclear distance is 



2c' = 2j-^L- (15.3) 
The length of the semiminor axis of the prolate spheroidal MO b = c is given by 



6 = Va 2 -c' 2 (15.4) 
And, the eccentricity, e,is 



15 e= C - 

a 



(15.5) 



From Eqs. (1 1 .207-1 1.212), the potential energy of the two electrons in the central field of the 
nuclei at the foci is 

v > = ; — rrrr k — TT^ (1 5,6) 

The potential energy of the two nuclei is 

20 F=», (15.7) 

" 1 Zns J a 2 - b 2 

O 

The kinetic energy of the electrons is 

t = — rrTr 111 — rrrr (15 - 8) 

And, the energy, , of the magnetic force between the electrons is 
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V = 



n,c. 



12 



4m 
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a-Ja 2 -b 2 ^ a-Ja 2 -b 2 



In 



(15.9) 



The total energy of the H 2 -type prolate spheroidal MO, E T (ftA/o), is given by the sum of the 



energy terms: 

E t (h 2 mo)=V + F + F 



(15.10) 



%7is yla z -b 2 



0 

2 



C I C 2 



c.cA 2 — -lln 1 

l2 { a) a -Ja 2 -b 2 



-1 



2 — 2.|ln 



a) a-c 1 



-1 



(15.11) 



where n x is the number of equivalent bonds of the MO and applies in the case of functional 
groups. In the case of independent MOs not in contact with the bonding atoms, the terms 
based on charge are multiplied by c B0 , the bond-order factor. It is 1 for a single bond, 4 for 

an independent double bond as in the case of the C0 2 and N0 2 molecules, and 9 for an 
10 independent triplet bond. Then, the kinetic energy term is multiplied by c\ 0 which is 1 for a 
single bond, 2 for a double bond, and 9/2 for a triple bond. c x is the fraction of the H 2 -type 
ellipsoidal MO basis function of an MO which is 0.75 (Eqs. (13.67-13.73)) in the case of H 
bonding to an unhybridized central atom and 1 otherwise, and c 2 is the factor that results in 
an equipotential energy match of the participating the MO and the at least two atomic orbitals 
15 of the chemical bond. Specifically, to meet the equipotential condition and energy matching 
conditions for the union of the H 2 -type-ellipsoidal-MO and the HOs or AOs of the bonding 
atoms, the factor c 2 of a tf 2 -type ellipsoidal MO may given by (i) one, (ii) the ratio of the 

Coulombic or valence energy of the AO or HO of at least one atom of the bond and 
13.605804 eV , the Coulombic energy between the electron and proton of H , (Hi) the ratio of 
20 the valence energy of the AO or HO of one atom and the Coulombic energy of another, (iv) 
the ratio of the valence energies of the AOs or HOs of two atoms, (v) the ratio of two c 2 

factors corresponding to any of cases (ii)-(i v )> and (vi) the product of two different c 2 factors 

corresponding to any of the cases (i)-(v). Specific examples of the factor c 2 of a H 2 -type 

ellipsoidal MO given in previous sections are 
25 0.936127 , the ratio of the ionization energy of N 14.53414 eV and 13.605804 eV , the 
Coulombic energy between the electron and proton of H ; 
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0.91771 , the ratio of 14.82575 eV , -E Cmlomb (c,^ 1 ), and 13.605804 eV ; 
0.87495 , the ratio of 15.55033 eV , -£ c ^(c,, toe ,2sp 3 ), and 13.605804 eV ; 
0.85252 , the ratio of 15.95955 eV , -E Cmhmh (c^^sp^ and 13.605804 eV ; 
0.85252 , the ratio of 15.95955 eV , -^(c^.V) and 13.605804 eV , and 

5 0.86359 , the ratio of 15.55033 eV , -E Cmlomb (C alkanc ,2sp 3 ), and 13.605804 eV . 

In the generalization of the hybridization of at least two atomic-orbital shells to form a 
shell of hybrid orbitals, the hybridized shell comprises a linear combination of the electrons 
of the atomioorbital shells. The radius of the hybridized shell is calculated from the total 
Coulombic energy equation by considering that the central field decreases by an integer for 
10 each successive electron of the shell and that the total energy of the shell is equal to the total 

Coulombic energy of the initial AO electrons. The total energy E T (m is the 

integer of the valence shell) of the AO electrons and the hybridized shell is given by the sum 
of energies of successive ions of the atom over the n electrons comprising total electrons of 
the at least one AO shell. 

15 E^tom^y^^ (15.12) 

where IP m is the mtfa ionization energy (positive) of the atom. The radius of the 
hybridized shell is given by: 

msp q tz- n Stts 0 E t {atom, msp 3 ) 

Then, the Coulombic energy E Coubmb (atom, msp 2 } of the outer electron of the atom msp 3 
20 shell is given by 

^^om^sp'y-^— (15.14) 

In the case that during hybridization at least one of the spin-paired AO electrons is unpaired 
in the hybridized orbital (HO), the energy change for the promotion to the unpaired state is 
the magnetic energy E(magnetic) at the initial radius r of the AO electron: 

25 Eirna^Jj^Jj^A (15.15) 



m r r 

€ 
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Then, the energy £ (atom, map 3 ) of the outer electron of the atom /rasp 3 shell is given by the 
sum of E Coulomb (atom 9 msp 3 ^ and E(magnetic) : 

£(a^m^ 3 >-^ + ^^ (15.16) 

Consider next that the at least two atomic orbitals hybridize as a linear combination of 
5 electrons at the same energy in order to achieve a bond at an energy minimum with another 
atomic orbital or hybridized orbital. As a further generalization of the basis of the stability of 
the MO, the sharing of electrons between two or more such hybridized orbitals to form a MO 
permits the participating hybridized orbitals to decrease in energy through a decrease in the 
radius of one or more of the participating orbitals. In this case, the total energy of the 

10 hybridized orbitals is given by the sum of E (atom^msp 3 ^ and the next energies of successive 

ions of the atom over the n electrons comprising the total electrons of the at least two initial 

AO shells. Here, E(atom,msp 3 ^ is the sum of the first ionization energy of the atom and the 

hybridization energy. An example of E(atom,msp 3 ^ for E(C 9 2sp^ is given in Eq. (14.503) 
where the sum of the negative of the first ionization energy of C, -11.27671 eV , plus the 
15 hybridization energy to form the Clsp 3 shell given by Eq. (14.146) is 



£(c,2sp 3 )= -14.63489 eV . 



Thus, the sharing of electrons between two atom msp 3 HOs to form an atom-atom- 
bond MO permits each participating hybridized orbital to decrease in radius and energy. In 
order to further satisfy the potential, kinetic, and orbital energy relationships, each atom msp 3 

20 HO donates an excess of 25% per bond of its electron density to the atom-atom-bond MO to 
form an energy minimum wherein the atom-atom bond comprises one of a single, double, or 
triple bond. In each case, the radius of the hybridized shell is calculated from the Coulombic 
energy equation by considering that the central field decreases by an integer for each 
successive electron of the shell and the total energy of the shell is equal to the total 

25 Coulombic energy of the initial AO electrons plus the hybridization energy. The total energy 

E T (molMtom,msp 3 ^ {m is the integer of the valence shell) of the HO electrons is given by 

the sum of energies of successive ions of the atom over the n electrons comprising total 
electrons of the at least one initial AO shell and the hybridization energy: 
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E T (mol .atom, msp 3 )= E (atom, msp 3 V J) LP m (15.17) 

where IP m is the wth ionization energy (positive) of the atom and the sum of -ZP, plus the 

hybridization energy is E(atom,msp 3 y Thus, the radius of the hybridized shell is given 
by: 



r , = 



2 (Z-g)- 5(0.25)] - > f , (15.18) 

where j = 1,2,3 for a single, double, and triple bond, respectively. The Coulombic energy 
E coulomb (™olxttom,msp 3 ^ of the outer electron of the atom msp 3 shell is given by 

E coui Qm t [rnolAtom,msp 3 )= — (15.19) 



0 msp 3 



In the case that during hybridization at least one of the spin-paired AO electrons is unpaired 
10 in the hybridized orbital (HO), the energy change for the promotion to the unpaired state is 
the magnetic energy E(magnetic) at the initial radius r of the AO electron given by Eq. 

(15.15). Then, the energy E(mol.atom,msp 3 } of ih& outer electron of the atom msp 3 shell is 
given by the sum of E Cmthmb (moLatom i msp 3 ^ and E(magnetic): 

moUtom,msp 3 \= — ^ — + *\ , (15.20) 

15 £ r (atom - atom, msp 3 ), the energy change of each atom msp 3 shell with the formation of the 
atom-atom-bond MO is given by the difference between E (mol. atom, msp 3 ) and 
E(atom,msp 3 y 

E T (atom - atom, msp 3 E (mol .atom, msp 3 E (atom, msp 3 ) (15.21) 
As examples from prior sections, E CouUmb (mol xitom,msp*y\s one of: 

20 E Cou iomb (CeWcne^P*)' ^Coulomb ( C e,W V) ^ Cot/tom6 (C^.V) and 
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E(molMtom,msp 2 ^ is one of ^(p*//^* 2 ^ 3 )* 

£ (atom, m#? 3 ) is one of and £ (c, 2sp 2 } and £ (CI, 3sp* ^ 
E T (atom-atom,msp^isoneof E(C-C,2sp*y £(c = C,2ap 3 ),and. £(CsC,2sp 3 ); 



5 atom msp 3 is one of C2sp 3 , C/3sp 3 

E T (atom- atom(s^msp^ is E T (C-C,2sp 3 ^ and E T (atom- atomis^msp 3 } is 

£ r (c = C 5 25j? 3 ),and 

In the case of the C2sp 3 HO, the initial parameters (Eqs. (14.142-14.146)) are 

10 , =V _ _J0f! , = 0 .91771a 0 (15.22) 

^ ^8^ 0 (el48.25751eF) 8^ 0 (el 48.2575 1 eF) 

, h (c,2sp 3 V = ^ = -14.82575 eV (15.23) 

co^V ' ^ / ZTtes , 8^ rt 0.91771a A 



'0' 2sp 3 w# **0 0 
.2u2 o_.. ..2 



^gne/fc) = = -^-r = 0.19086 .F (15.24) 

m%) (0.84317aJ 



£(c,2^ 3 )= 



-e 2 2^// 0 e 3 h J 



+ - 0 



= -14.82575 eV + 0. 19086 eF (15.25) 
= -14.63489 eV 

In Eq. (15.18), 

15 f](Z-tf) = 10 (15.26) 

q-Z-n 

Eqs. (14.147) and (15.17) give 

E T (mol.atom,msp 3 y= E T (b toe ,2.sp 3 )= -151.61569 eV (15.27) 

Using Eqs. (15.18-1 5.28), the final values of r , E Coulomb (C2sp 3 ), and E (C2sp 3 ), and the 
resulting E T (c-C,C2sp^ of the MO due to charge donation from the HO to the MO where 



WO 2007/051078 



PCT/US2006/042692 



452 

BO 

C-C refers to the bond order of the carbon-carbon bond for different values of the 
parameter s are given in Table 15.1. 

Table 15.1. The final values of E Couhmb (C2sp 3 y 311(1 E ^ 2s P^ md resulting 

{ BO \ B ° 

^ _ C 9 C2sp* J °f & e MO due to charge donation from the HO to the MO where C - C 
refers to the bond order of the carbon-carbon bond. 



MO 
Bond Order 
(BO) 


s 1 


s 2 


Final 


(eV) 
Final 


(eV) 
Final 


( BO > 

(eV) 


I 


1 


0 


0.87495 


-15.55033 


-15.35946 


-0.72457 


n 


2 


0 


0.85252 


-15.95955 


-15.76868 


-1.13379 


m 


3 


0 


0.83008 


-16.39089 


-16.20002 


-1.56513 


IV 


4 


0 


0.80765 


-16.84619 


-16.65532 


-2.02043 



In another generalized case of the basis of forming a minimum-energy bond with the 
constraint that it must meet the energy matching condition for all MOs at all HOs or AOs, the 

10 energy E(moLatom>msp 3 ^ of the outer electron of the atom msp 3 shell of each bonding atom 
must be the average of E (molxitom 9 msp 3 ^ for two different values of s : 



E (moLatom, msp 3 ^= 



E (mot. atom (s } ^ msp 3 E (moljatom (s 2 ^ msp 3 ^ 



(15.28) 



In this case, E T (atom- atom 9 msp 3 ^, the energy change of each atom msp* shell with the 
formation of each atom-atom-bond MO, is average for two different values of s : 

, v E r (atom - atom (s. \ msp 3 V E T (atom - atom (s~ \ msp 3 ) 
15 E T (atom-atom,msp 3 y~-^ W r rK ^ 1 (15.29) 

Consider an aromatic molecule such as benzene given in the Benzene Molecule 
section. Each C = C double bond comprises a linear combination of a factor of 0.75 of four 

paired electrons (three electrons) from two sets of two C2sp 3 HOs of the participating carbon 

atoms. Each C - H bond of CH having two spin-paired electrons, one from an initially 
20 impaired electron of the carbon atom and the other from the hydrogen atom, comprises the 
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linear combination of 75% tf 2 -type ellipsoidal MO and 25% Clsp* HO as given by Eq. 
(13.439). However, E T (atom- atom.msp 3 ^ of the C-i? -bond MO is given by 

Q.5E T (c = C,2sp 3 ) (Eq. (14.247)) corresponding to one half of a double bond that matches 

the condition for a single-bond order for C - H that is lowered in energy due to the aromatic 
5 character of the bond, 

A further general possibility is that a minimum-energy bond is achieved with 
satisfaction of the potential, kinetic, and orbital energy relationships by the formation of an 
MO comprising an allowed multiple of a linear combination of H 2 -type ellipsoidal MOs and 

corresponding HOs or AOs that contribute a corresponding allowed multiple (e.g. 0.5, 0.75, 
10 1) of the bond order given in Table 15.1. For example, the alkane MO given in the 

Continuous-Chain Alkanes section comprises a linear combination of factors of 0.5 of a 

single bond and 0.5 of a double bond. 

Consider a first MO and its HOs comprising a linear combination of bond orders and 

a second MO that shares a HO with the first. In addition to the mutual HO, the second MO 
15 comprises another AO or HO having a single bond order or a mixed bond order. Then, in 

order for the two MOs to be energy matched, the bond order of the second MO and its HOs or 

its HO and AO is a linear combination of the terms corresponding to the bond order of the 

mutual HO and the bond order of the independent HO or AO. Then, in general, 

E T (atom- atom > msp i y the energy change of each atom msp* shell with the formation of 

20 each atom-atom-bond MO, is a weighted linear sum for different values of s that matches the 
energy of the bonded MOs, HOs, and AOs: 

N 

E T (atom- atom 9 msp 3 y= J]c E T (atom- atom(s^msp^ (15.30) 

tJm\ 

where c s is the multiple of the BO of s n . The radius of the atom msp 3 shell of each 
bonding atom is given by the Coulombic energy using the initial energy E Couhmb (atom 9 msp^ 

25 and E T (atom- atom,msp^ the energy change of each atom msp* shell with the formation 
of each atom-atom-bond MO: 

r 3 = -j p ^ j ^ (15.31) 

"* 8 ^o*o \Ecouionb \otom,msp z y E T [atom - atom,msp*)) 
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where E Cmtomb (cisp 3 ^ -14.825751 eV . The Coulombic energy E Co ^ m& (mol.atom 9 msp 3 ^ 

of the outer electron of the atom msp 3 shell is given by Eq. (15.19). In the case that during 

hybridization, at least one of the spin-paired AO electrons is unpaired in the hybridized 
orbital (HO), the energy change for the promotion to the unpaired state is the magnetic energy 
5 E(magnetic) (Eq. (15.15)) at the initial radius rof the AO electron. Then, the energy 

E(moLatom,msp 3> ) of the outer electron of the atom msp 3 shell is given by the sum of 
^cauiumb (molxitom, msp 3 ) and E(magmtic) (Eq. (15.20)). E T (atom- atom.msp 3 ^ the 
energy change of each atom msp 3 shell with the formation of the atom-atom-bond MO is 
given by the difference between E(mol.atom y msp 3 ^ and E(atom,msp 3 ^ given by Eq. 

10 (15.21). Using Eq. (15.23) for E OMb (c,2sp 3 ) in Eq. (15.31), the single bond order energies 

given by Eqs. (15.18-15.27) and shown in Table 15.1, and the linear combination energies 
(Eqs. (15.28-15.30)), the parameters of linear combinations of bond orders and linear 
combinations of mixed bond orders are given in Table 15.2. 

15 Table 15.2. The final values of r C2ap3 , E Coulomb (C2sp 3 ^ and E(c2sp 3 ^ and the resulting 
E T \C-C,C2sp*j of *h e M0 comprising a linear combination of -£f 2 -type ellipsoidal MOs and 

corresponding HOs of single or mixed bond order where is the multiple of the bond order 
parameter E T (atom - atom (s n )> msp 3 } given in Table 15.1. 
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Table 15.1 








MO 










Bond 


l 




2 




Order 










(BO) 










1/21 


l 


0.5 


0 


0 


mn 


2 


0.5 


0 


0 


i+ 


1 


0.5 


2 


0.2 


1/2II 








5 


1/2II 


2 


0.2 


1 


0.2 


+ (I + 




5 




5 


n) 










3/4n 


2 


0.7 


0 


0 






5 






i+n 


1 


0.5 


2 


0.5 


i+ 


. 1 


0.5 


3 


0.5 


in 










i+ 


1 


0.5 


4 


0.5 


IV 










n+ 


2 


0.5 


3 


0.5 


in 










n+ 


2 


0.5 


4 


0.5 


IV 










m + 


3 


0,5 


4 


0.5 


IV 










IV + 


4 


0.5 


4 


0.5 



s 
3 



0 
0 
0 



0 
0 



0 



0 
0 
0 

0.2 
5 



0 
0 



0 0 



0 



(«•) ^(CV) E(C2sp>) E T (c-C,C2sA 

(eV) k ' 



C2fl»* V™0/ "Coulomb 

(eV) 



Final 



0.89582 
0.88392 
0.87941 

0.87363 



0.86793 

0.86359 
0.85193 

0.83995 

0.84115 

0.82948 

0.81871 

0.80765 



Final 



15.18804 
15.39265 
15.47149 



-15.67610 

* 

-15.75493 
-15.97060 

-16.19826 

-16.17521 

-16.40286 

-16.61853 

-16.84619 



Final 



-14.99717 
-15.20178 
-15.28062 



-15.57379 . -15.38293 



-15.48523 

-15.56407 
-15.77974 

-16.00739 

-15.98435 

-16.21200 

-16.42767 

-16.65532 



(eV) 



-0.36228 
-0.56689 
-0.64573 

-0.74804 



-0.85034 

-0.92918 
-1.14485 

-1.37250 

-1.34946 

-1.57711 

-1.79278 

-2.02043 



IV 



Consider next the radius of the AO or HO due to the contribution of charge to more 
than one bond. The energy contribution due to the charge donation at each atom such as 
5 carbon superimposes linearly. In general, the radius r , of the C2sp* HO of a carbon 

atom of a given molecule is calculated using Eq. (1 4.5 14) by considering ^ E T (MO, 2sp 3 ), 

the total energy donation to each bond with which it participates in bonding. The general 
equation for the radius is given by 
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-e 2 



V V , (15.32) 
g z 

8^ 0 ^14.825751 eV + ^j^T (m?,2*/ J) 

The Coulombic energy E^ uI ^ b (moLatom,rnsp 3 ^ of the outer electron of the atom msp 3 shell 

is given by Eq. (15.19). In the case that during hybridization, at least one of the spin-paired 
AO electrons is unpaired in the hybridized orbital (HO), the energy change for the promotion 
5 to the unpaired state is the magnetic energy E(magnetic) (Eq. (15.15)) at the initial radius 

rof the AO electron. Then, the energy E (molatom, msp 3 ) of the outer electron of the 

atom msp 3 shell is given by the sum of E Coulomb (mol atom, msp 3 ) and E{magnetic) (Eq. 
(15.20)). 

For example, the C2sp 3 HO of each methyl group of an alkane contributes 
10 -0.92918 eV (Eq. (14.513)) to the corresponding single C-C bond; thus, the 
corresponding C2sp 3 HO radius is given by Eq. (14.514). The C2sp 3 HO of each methylene 
group of C n H 2nJh2 contributes -0.92918 eV to each of the two corresponding C-C bond 
MOs. Thus, the radius (Eq. (15.32)), the Coulombic energy (Eq. (15.19)), and the energy 
(Eq. (15.20)) of each alkane methylene group are 



-e 2 



r 



* ^.(^(c.VyZ^ (methylene C-C,^)) 



.2 



15 



8ks 0 (el4.825751 eV + e0.92918 eV + e0.92918 eV) 



(15.33) 



= 0.81549a 0 



E 



(C _ 2sp 3 V T^- \= -16.68412 eV (15.34) 



coulomb *- / 8w fl (0.81 549a 0 ) 

EIC - » ■ **** 



(C , w 2sp 3 \= 7-^ r+ ; M ° - = -16.49325 eV (15.35) 

y " e ' h * m r 8^ 0 (0.81549 a<) ) ^( 0 .84317«J 

In the determination of the parameters of functional groups, heteroatoms bonding to 
C2^p 3 HOs to form MOs are energy matched to the C2sp 3 HOs. Thus, the radius and the 
20 energy parameters of a bonding heteroatom are given by the same equations as those for 
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C2sp 3 HOs. Using Eqs. (15.15), (15.19-15.20), (15.24), and (15.32) in a generalized fashion, 
the final values of the radius of the HO or AO, r MomHO AO , E Couhnb (molxitom,msp 3 ), and 
E (C mol 2sp 3 ) are calculated using £ E T (MO, 2sp 3 ), the total energy donation to each bond 

f BO "\ n 

with which an atom participates in bonding corresponding to the values or e t \^c - C y C2sp 3 of 
5 the MO due to charge donation from the AO or HO to the MO given in Tables 15.1 and 15.2. 

Table 15.3 A. The final values of 

r AtomMO.AO 9 ^Coulomb i^ 10 ^ a ^ 0m i mS P ) «w* E (C ml 2sp 3 ) 

calculated using the values of £,.^0-0,02^ given in Tables 15.1 and 15.2. 
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Table 15.3.B. The final values of r AtomJfOAQi E CM (mol.atom,msp*) y and E(C nto! 2sp 3 ) 
calculated for heterocyclic groups using the values of E r ^C^C,C25p 3 j given in Tables 15.1 

and 15.2. 
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The energy of the MO is matched to each of the participating outermost atomic or 
hybridized orbitals of the bonding atoms wherein the energy match includes the energy 
contribution due to the AO or HO's donation of charge to the MO. The force constant k } 

5 (Eq. (15.1)) is used to determine the ellipsoidal parameter c' (Eq. (15.2)) of the each if 2 - 
type-ellipsoidal-MO in terms of the central force of the foci. Then, c f is substituted into the 
energy equation (from Eq. (15.11))) which is set equal to i\ times the total energy of H 2 
where n, is the number of equivalent bonds of the MO and the energy of H 2 , 
-31.63536831 eV> Eq. (11.212) is the minimum energy possible for a prolate spheroidal 

10 MO. From the energy equation and the relationship between the axes, the dimensions of the 
MO are solved. The energy equation has the semimajor axis a as it only parameter. The 
solution of the semimaj or axis a then allows for the solution of the other axes of each prolate 
spheroid and eccentricity of each MO (Eqs. (15.3-15.5)). The parameter solutions then allow 
for the component and total energies of the MO to be determined. 

15 The total energy, E fam), is given by the sum of the energy terms (Eqs. (15.6- 



15.11)) plus E T (AO/HO): 

E T fao)= V c + T + V m +V p + E T (AO/ HO) 



(15.36) 



E T (p 2 Mo)= - 



Va 2 -6 : 



1~2 



cx,\ 2 — Mln 1 — 1 



+e t (ao/ho) 



&7ZS 0 C f 



C l°2 



0»V a + c 1 



2 — Mln— 



-1 



(15.37) 



+e t (ao/ho) 



where n x is the number of equivalent bonds of the M0 3 c, is the fraction of the # 2 -type 
20 ellipsoidal MO basis function of a chemical bond of the group, c 2 is the factor that results in 
an equipotential energy match of the participating at least two atomic orbitals of each 
chemical bond, and E T (AO I HO) is the total energy comprising the difference of the energy 

e(A0 I HO) of at least one atomic or hybrid orbital to which the MO is energy matched and 

any energy component AE H MO (AO I HO) due to the AO or HO's charge donation to the 



25 MO. 



E T (AO I HOy E (AO I HO)- AE^ MQ (AO I HO) 



(15.38) 
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As specific examples given in previous sections, E T (AOI HO) is one from the group of 
E T (AO I HO)= E(p2p sheliy ~ E(ionization; O) = -13.6181 eV ; 
E T (AO I HO)= E(N2p sheliy - E(ionization; N) = -14.53414 eV ; 
E T (AO I HO)= E(c,2sp>y= -14.63489 eV ; 
5 E T (AO I HOy E Cmhmb p,3sp 3 y -14.60295 eV; 

E T (AO/HO)= Eiiomzation; C) + E(ionization; C* ) ; 
E T (AO I HO)= E(C eimK ,2sp 3 )= -15.35946 eV ; 

e t (aoi Hoy+Efc^asp 3 

)~ ethylene > 



10 



£ r / //£>)= £(c,2sp 3 )- 2£ r (C = C,2s/> J )= -14.63489 <?F - (-2.26758 eV); 
E T (AO I HOy E^^y Efc^asp'y Efc^lsp'y 16.20002 eV ; 



E T (AO I HOy E(c,2sp*y 2E T (c s C,2jp 3 )= -14.63489 eV - (-3.13026 eV); 
E T (AO I HOy E(C ienzem ,2sp>y Efc^sp 3 ), 

E T (AO/HOy E(c,2sp*y E T (c = C,2ap 3 )= -14.63489 eV- (-1.13379 eV), and 
E T (AO I Hdy Efc^asp'y- 15.56407 eV . 



15 



To solve the bond parameters and energies, c' = a/ 9 



mjrTCJCM 

$ I 2 



2C,C 2 



(Eq. 



* 

(15,2)) is substituted into U r ^/ 2 /wo) to give 



C O, a + \la 2 -b 2 
x 2 \ 2 — 1 In , 



"I 



-l 



+e t (aoiho) 



\~1 



-1 



+e t (ao/ho) 



(15.39) 



041 2C,C 2 



c,c 2 l 2 







2C,C 2 









-1 



+e t (ao/ho) 



The total energy is set equal to E(basis energies) which in the most general case is given by 
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the sum of a first integer n x times the total energy of H 2 minus a second integer times the 
total energy of H , minus a third integer times the valence energy of E[AOj (e.g. 

e(n )= -14.53414 eV) where the first integer can be 1,2,3..., and each of the second and 
third integers can be 0,1,2,3.... 
5 E(basis energies) = », (-31 .63536831 eV)- n 2 (-13.605804 eV)- n z E(AO) (15.40) 

In the case that the MO bonds two atoms other than hydrogen, E(basis energies) is n x times 
the total energy of H 2 where is the number of equivalent bonds of the MO and the energy 
of H 2 , -31.63536831 eV , Eq. (11.212) is the minimum energy possible for a prolate 
spheroidal MO: 

10 E{basis energies) = r\ (-31.63536831 eV^j (15.41) 

E T (n t Mo) 9 is set equal to E(basis energies) 9 and the semimajor axis a is solved. 
Thus, the semimajor axis a is solved from the equation of the form: 







2C,C 2 


-J 




'2C,C 2 



-1 



£ T (40 / #o)= £(&o5/5 energies) (15.42) 



The distance from the origin of the // 2 -type-eliipsoidal-MO to each focus c' , the internuclear 
15 distance 2c' , and the length of the semiminor axis of the prolate spheroidal # 2 -type MO 

b = c are solved from the semimajor axis a using Eqs. (15.2-15.4). Then, the component 

energies are given by Eqs. (15.6-15.9) and (15.39). 

The total energy of the MO of the functional group, E T (wo), is the sum of the total 

energy of the components comprising the energy contribution of the MO formed between the 
20 participating atoms and E T (atom- atom,msp 2 AO^ the change in the energy of the AOs or 

HOs upon forming the bond. From Eqs. (1 5.39-1 5.40), E T (mo) is 

E T (po)= E(basis energies)* E T (atom-atom,msp\A<j) (15.43) 
During bond formation, the electrons undergo a reentrant oscillatory orbit with 

vibration of the nuclei, and the corresponding energy E osc is the sum of the Doppler, E D , and 



25 average vibrational kinetic energies, E KvU> : 
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osc 




(15.44) 



where «, is the number of equivalent bonds of the MO , k is the spring constant of the 
equivalent harmonic oscillator, and // is the reduced mass. The angular frequency of the 

reentrant oscillation in the transition state corresponding to E D is determined by the force 
5 between the central field and the electrons in the transition state. The force and its derivative 



are given by 



2 



BO 4xs 0 R 3 



(15.45) 



1 0 such that the angular frequency of the oscillation in the transition state is given by 



(15.46) 



a> = 





i 



'BO 



47te 0 R> 
m 



(15.47) 



where R is the semimajor axis a or the semiminor axis b depending on the eccentricity of 
the bond that is most representative of the oscillation in the transition state, Cqq is the bond- 
order factor which is 1 for a single bond and when the MO comprises n x equivalent single 

15 bonds as in the case of functional groups. c m is 4 for an independent double bond as in the 
case of the C0 2 and N0 2 molecules and 9 for an independent triplet bond. C lo is the 
fraction of the H 2 -type ellipsoidal MO basis function of the oscillatory transition state of a 
chemical bond of the group, and C 2o is the factor that results in an equipotential energy match 
of the participating at least two atomic orbitals of the transition state of the chemical bond. 

20 Typically, C lo = C, and C 2o = C 2 . The kinetic energy, E K , corresponding to E D is given by 
Planck's equation for functional groups: 



E tr = ha) = h 



i 



(15.48) 



The Doppler energy of the electrons of the reentrant orbit is 
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E o = *». 



2E 



m c 



2h^ 


c ^ 2 / 


4ne 0 R 3 




mc 2 



(15.49) 



£ wc given by the sum of E D and E Kvlh is 



E «c ^ ro "") = "l ( £ 0 + £ K»/i) = "l 



2^ 


\o 2o 


4ne 0 R 3 




mc 2 

e 



+ E 



JS^ of a group having ^ bonds is given by E T (mo)/ n x such that 



E o X = n x( E D + E K,*)= r h 



E t+osc k™p) is Biven by the sum of E T (mo) (Eq. (15.42)) and E m (Eq. (15.51)): 



r 



8^ ' a "° 



2C,C 3 



C 1 C 2 



2-^ 
a J 



In 





1 <w 0 


2C,C 2 


"1 




'2qc 2 



-1 



^E T (AOI HO)+E T (atom-atom > msp i .AO S ) ; 



^1 









4>teR 3 

o 


m 

e 


w c 2 
e J 



2h\ °— r- 

, 1 1 m ' 1*1* 

1 w e c J 2 



(15.50) 



(15.51) 



4ns R 
2h\ °— 

- (E(basis energies) + E T (atom - atom^sf? .AOyl 1 + 1 — 



C C e 2 




(15.52) 
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The total energy of the functional group E T ^rou P ) is the sum of the total energy of the 

components comprising the energy contribution of tihe MO formed between the participating 
atoms, E(basis energies) , the change in the energy of the AOs or HOs upon forming the 

bond (E T (atom- atom,msp* .AO")), the energy of oscillation in the transition state, and the 
5 change in magnetic energy with bond formation, E . From Eq. (15.52), the total energy of 



the group E T (group) is 



(E(basis energies) + E T (atom - atom 9 msp 3 .AO^ 



i+ 



in 



i 



IN 



C C e 2 



AkeR : 

o 



mc 



) 



(15.53) 



The change in magnetic energy E mag which arises due to the formation of unpaired electrons 



in the corresponding fragments relative to the bonded group is given by 



10 



E =c 



mag 3 mV 

e 



= c. 



B 



3 3 



(15.54) 



where r 3 is the radius of the atom that reacts to form the bond and c, is the number of 



electron pairs. 
r 



jEL (group)— 



(E(basis energies) + E T (atom - 



atom, msp 3 .A + 



2h^ 



m 



3 r 3 



(15.55) 



The total bond energy of the group E D ^hwp) is the negative difference of the total energy of 
15 the group (Eq. (15.55)) and the total energy of the starting species given by the sum of 

«A~ (*4 AO I HO ) «* «A« ^ A0 > H0 ) : 
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(E(basis energies) + E T (atom - atom,msp s AO^ 



2h 



i 



1\ 



4,718 R 

„ o 



+ n \*Kvib + ^3 3 



~ ('A* / JTO> ^ (c 5 / HO)) 



n 



(15.56) 



In the case of organic molecules, the atoms of the functional groups are energy matched to the 



C2sp 3 HO such that 



E(AOIHO)= -14.63489 eV 



5 For examples of E from previous sections: 



(15.57) 



3 ~°3 



(0.91771oJ 



B—r = c, 0.14803 eV 



(15.58) 



3 r 3 



= c 



3 „3 
°0 



2 

^■ = c,0.11441eF 



(15.59) 



£ (N2p)= c. 

mag \ *r J 



3 ..3 C 3 



(0.93084aJ 



^0.14185 



(15.60) 



In the general case of the solution of an organic functional group, the geometric bond 
1 0 parameters are solved from the semimajor axis and the relationships between the parameters 
by first using Eq. (15.42) to arrive at a. Then, the remaining parameters are determined 
using Eqs. (15.1-15.5). Next, the energies are given by Eqs. (15.52-15.59). To meet the 

equipotential condition for the union of the H 2 -type-elttpsoidal-MO and the HO or AO of the 

atom of a functional group, the factor c 2 of a # 2 -type ellipsoidal MO in principal Eqs. 
15 (15.42) and (15.52) may given by 



(i) oner 
c 2 = l 



(15.61) 



20 (it) the ratio that is less than one of 13.605804 eV , the magnitude of the Coulombic 

energy between the electron and proton of H given by Eq. (1 .243), and the magnitude of the 
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Coulombic energy of the participating AO or HO of the atom, £ Ci(Htom4 [MOMtom,msp 3 j given 
byEqs. (15.19) and (15.31-15.32). For \E Coulmi {MOMtom > msp i 'y> 13.605804 eV: 

e 2 



%7ie 0 a 0 13. 605804 eV n - A ~ 



t \E Collkimi (MOrtom,msp 3 ] 



^ K£ 0 r A-B AorBsj? 



For 



£ cw om * (MO.ato/n,/»^ 3 )<13.605804 eV : 



e 2 



*™o r A- B W » {MOMtom, msp 5 ] 



° 2 ~ e 2 13.605804 eV 



i 



(iii) the ratio that is less than one of 13.605804 eV , the magnitude of the Coulombic 
energy between the electron and proton of H given by Eq. (1.243), and the magnitude of the 
valence energy, E(valence), of the participating AO or HO of the atom where EiyaUnce) is 

■ 

10 the ionization energy or E(MOMtom 9 msp^ given by Eqs. (15.20) and (1531-15.32). For 
\E(valence)\ > 13.605804 eV : 



S^gp 13.605804 eV (1564) 



e 2 \E(valence)\ 



0 A-BAorBsp 



For \E(yalence)\ < 13. 605804 eV : 



e 2 



%ns o r A- B Ao**? _ \E(valence)\ (15 65) 



° 2 e 2 13.605804 eV 

8fl£ 0 a 0 



15 



(iv) the ratio that is less than one of the magnitude of the Coulombic energy of the 
participating AO or HO of a first atom, E Cmlimb (MOxitom^msp 3 ) given by Eqs. (15.19) and 
(15.31-15.32), and the magnitude of the valence energy, E(valence), of the participating AO 
or HO of a second atom to which the first is energy matched where E{yalence) is the 
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ionization energy or E{MO.atom,msp 3 ^ given by Eqs. (15.20) and (15.31-15.32). For 



E c m icmb (MOxaom,msp 3 J> E{valence) : 



c 2 = 



\E(yalence^ 



(15.66) 



For 



c 2 = 



(MOatom,msp 3 \ 
E a*m* (MO. atom, msp 3 }< E(yalence) : 

E CM (MO Mom, m sp 3 ) 5 



\E(yalencej( 



(v) the ratio that is less than one of the magnitude of the valence-level energies, 
E n (yalence), of the AO or HO of the nth participating atom of two that are energy matched 

where Efyalence) is the ionization energy or E(MO.atom,msp*^ given by Eqs. (15.20) and 
10 (15.31-1532): . 

c _ E x {valence) (15 6g) 

2 E 2 (yalence) 



(vi) the factor that is the ratio of the hybridization factor c 2 (l) of the valence AO or 
HO of a first atom and the hybridization factor c 2 (2) of the valence AO or HO of a second 
15 atom to which the first is energy matched where c 2 (w) is given by Eqs. (15.62-15.68); 

1 * 

alternatively c 2 is the hybridization factor c 2 (l) of the valence AOs or HOs a first pair of 
atoms and the hybridization factor c 2 (2) of the valence AO or HO a third atom or second 
pair to which the first two are energy matched: 



C 2 = 



_ o 2 (l) 



c 2 (2) 



(15.69) 



20 

(vU) the factor that is the product of the hybridization factor c 2 (l) of the valence AO 
or HO of a first atom and the hybridization factor c 2 (2) of the valence AO or HO of a second 
atom to which the first is energy matched where c 2 (w) is given by Eqs. (15.62-15.69); 
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alternatively c 2 is the hybridization factor c 2 (l) of the valence AOs or HOs a first pair of 

atoms and the hybridization factor c 2 (l) of the valence AO or HO a third atom or second 

pair to which the first two are energy matched: 

c 2 =c 2 (l)c 2 (2) (15.70) 

5 The hybridization factor c 2 corresponds to the force constant k (Eqs. (11.65) and (13.58)). 

In the case that the valence or Coulombic energy of the AO or HO is less than 13.605804 eV , 
the magnitude of the Coulombic energy between the electron and proton of H given by Eq. 
(1.243), then C 2 corresponding to k' (Eq. (15.1)) is given by Eqs. (15.62-15.70). 

Specific examples of the factors c 2 and C 2 of a H 2 -type ellipsoidal MO of Eq. 
10 (15.51) given in following sections are 

» 

C!( C^ OW c0=^^(c^>rl|f|f(0.9177 1 )=0,.3.7 ! 
C^HO ,o Br)- ^^^HOy^^^my. 0.740,,; 



■ • 



C^'HO ,o /> ^y^o)- zl2|i|£E(„, 177l)= 0.65537; 
■5 Cj (C2sp i HO to oy jX&y (C2^0> zl||^(0.9177.)= 0.85395 , 

^ u w)= g . 0.94627 , 

2V £(C 5 2.sp 3 ) -15.35946 eV 

cJ&BO ,o y> <C2v>H 0 y =11^(0.91770= 0.9U40 ; 

v 7 £(C,2.sp 3 ) -15.56407 

Cutoff)- -_ um5iQeV - 076144 ' 

20 C 2 (C2^0 ,o S> ^ )C2 (CV»> 0.64965 ; 
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(O to S3sp 3 to C2sp 3 HO)= |^c 2 (C2sp 3 HO) 



= -13.61806 eK 7l) 

-10.36001 eV x ' 
= 1.20632 



C2 (s3sp3> Wy), dljZpW . 0 .8 50 45 ; 
2 V ^ -13.60580 

/ •> 3 \ £(S3.sp 3 ) , -11.52126 eK, Aorftjr v 

C 2 (C2sp>HO to S3sp 3 )= -^^J 2 (S1sp*y — — ^ (0.85045)= 0.66951 ; 

, v E\S,3sp 3 ) /■ , • \ 

C 2 (S3ap 3 to 0 to C2sp 3 HO)= j^ c 2 \f2sp 3 HO) 



11 52126 eK (0i>i77l) ; 



-13.61806 
= 0.77641 



(O to #2/? to C2sp 3 HO)= f|S c 2 (C2sp 3 HO) 



. - l3Mm ^(0.9.771); 
-14.53414 eK v / 

= 0.85987 



^ . c 2 (C2sp 3 HO to N) 0.91 140 , 

c,(W2p to 02/>)= — ^ ——7 = 1 06727 ; 

c 2 {C2sp 3 HO to 0) 0.85395 

/ j _.\ /, 3rM \ 13.605804 ~ ..... 

C 2 (&enze«eC2sp 3 #C>)= c 2 \benzeneC2sp 3 HO)= = 0.85252 ; 



*2 



(arylC2sp 3 HO to 0)= f ^ - , c 2 (arylC2sp 3 HO) 



E(c,2sp 3 ) 

-13.61806 eK 

~ -14.63489 
= 0.79329 



(0.85252) 



C 2 



✓ >^ -14.53414 eV 

to to online N)= — r A -^v= 7— — — = 0.92171 ; 

v 7 E[C,2sp 3 ) -15.76868 eV 

(arylC2sp 3 HO to n)= f \\ c 2 (arylC2sp 3 HO) 



-14.53414 eK /ft .„.. N , 
10 = (0.85252) , and 

-14.63489 eV y ' 
= 0.84665 
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t . ™ 3 „~\ E(S,3p) -10.36001 eV 

C 2 (S3/> to aiyl-type C2sp 3 HO)= > ' F >= - = 0.65700 . 

v * ' EiCylsp 3 ) -15. 



.76868 eV 



MO INTERCEPT ANGLES AND DISTANCES 

Consider the general case of Eqs. (13.84-13.95) wherein the nucleus of a J? atom and the 
5 nucleus of a A atom comprise the foci of each H 2 -type ellipsoidal MO of an A - B bond. 

The parameters of the point of intersection of each i/ 2 -type ellipsoidal MO and the A -atom 



AO are determined from the polar equation of the ellipse: 



1 + e 



r = r, 



°l + ecos0' 



(15.71) 



The radius of the A shell is r A , and the polar radial coordinate of the ellipse and the radius of 



1 0 the A shell are equal at the point of intersection such that 



= (a-C> 



l + C - 
a 



(15.72) 



1 +— COS0' 

a 



The polar angle 0 f at the intersection point is given by 



0* - cos 



r r 

a 



(a-c*)— 2—1 



(15.73) 



Then, the angle 0 _ the radial vector of the A AO makes with the internuclear axis is 



A AO 



15 6 AA0 = 180° ^0' (15.74) 

The distance from the point of intersection of the orbitals to the internuclear axis must be the 



same for both component orbitals such that the angle cot = 9 H MQ between the internuclear 
axis and the point of intersection of each H 2 -type ellipsoidal MO with the A radial vector 



obeys the following relationship: 



20 



sin#, ^ = bshxd 



A AO 



(15.75) 



such that 



9 



H 2 MO 



= sin 



, r sin 6 



A AO 



(15.76) 
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The distance d H ^ M0 along the internuclear axis from the origin of H 2 -type ellipsoidal MO to 
the point of intersection of the orbitals is given by 

V* = aC0S V<> (15J7) 
The distance d A AO along the internuclear axis from the origin of the A atom to the point of 
5 intersection of the orbitals is given by 



BOND ANGLES 

Further consider an ACB MO comprising a linear combination of C - A -bond and C-B- 
10 bond MOs where C is the general central atom. A bond is also possible between the A and 
B atoms of the C- A and C-B bonds. Such A- B bonding would decrease the C- A 
and C-B bond strengths since electron density would be shifted from the latter bonds to the 
former bond Thus, the /ACB bond angle is determined by the condition that the total 

energy of the i^-type ellipsoidal MO between the terminal A and B atoms is zero. The 
15 force constant k' of a H 2 -typz ellipsoidal MO due to the equivalent of two point charges of 
at the foci is given by: 

k'= * 2 (15.79) 

o 

where C x is the fraction of the if 2 -type ellipsoidal MO basis function of a chemical bond of 

the molecule which is 0.75 (Eq. (13.59)) for a terminal A - H ( A is H or other atom) and 1 

20 otherwise and C 2 is the factor that results in an equipotential energy match of the 

participating at least two atomic orbitals of the chemical bond and is equal to the 
corresponding factor of Eqs. (15.42) and (15.52). The distance from the origin of the MO to 
each focus & of the A - B ellipsoidal MO is given by: 



m t e ICfija y2C,C 2 



25 The internuclear distance is 



2c' = 2j-^2- . (15.81) 



■ 
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The length of the semiminor axis of the prolate spheroidal A-B MO b = c is given by Eq. 
(15.4). 

The component energies and the total energy, E T (h 2 mo\ of the A~B bond are given 
by the energy equations (Eqs. (11.207-11.212), (11.213-1 1.217), and (11.239)) of H 2 except 
5 that the terms based on charge are multiplied by , the bond-order factor which is 1 for a 
single bond and when the MO comprises n, equivalent single bonds as in the case of 

functional groups, is 4 for an independent double bond as in the case of the C0 2 and 

N0 2 molecules. The kinetic energy term is multiplied by c' 80 which is 1 for a single bond, 2 
for a double bond, and 9/2 for a triple bond. The electron energy terms are multiplied by c, , 
1 0 the fraction of the H 2 -type ellipsoidal MO basis function of a terminal chemical bond which 
is 0.75 (Eq. (13.233)) for a terminal A- H {A is H or other atom) and 1 otherwise. The 
electron energy terms are further multiplied by c' 2 , the hybridization or energy-matching 

factor that results in an equipotential energy match of the participating at least two atomic 
orbitals of each terminal bond. Furthermore, when A - B comprises atoms other than H , 

15 E T (atom - atom, msp* .A 6^ the energy component due to the AO or HO 's charge donation to 
the terminal MO, is added to the other energy terms to give E T (p 2 Mo): 

+ E T (atom - atom,msp 3 .AO^ 
(15.82). 

The radiation reaction force in the case of the vibration of A - B in the transition state 

* » 

* * 

20 corresponds to the Doppler energy, E D , given by Eq. (11.181) that is dependent on the 
motion of the electrons and the nuclei. The total energy that includes the radiation reaction of 
the A-B MO is given by the sum of E T (p 2 Mo) (Eq. (15.82)) and E^ given Eqs. (11.213- 

11.220), (11.231-11.236), and (11.239-11.240). Thus, the total energy E t (a~ b) of the 

A - B MO including the Doppler term is 



E T (p 2 uo)= 
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E T (atom - atom, msp 3 .Ao\ 



1 + 



2/H 



BO 



lo 2o 

Ansa 3, 

o 



m 



e 



mc 



2 1 



'BO 



8» 0 (a+c , ) < 



(15.83) 

where C i0 is the fraction of the f? 2 -type ellipsoidal MO basis function of the oscillatory 
transition state of the A ~ B bond which is 0.75 (Eq. (13.233)) in the case of H bonding to a 
5 central atom and 1 otherwise, C 2o is the factor that results in an equipotential energy match of 
the participating at least two atomic orbitals of the transition state of the chemical bond, and 

fi = is the reduced mass of the nuclei given by Eq. (1 1 .1 54). To match the boundary 

m l + m 1 

condition that the total energy of the A - B ellipsoidal MO is zero, E T (a - given by Eq. 



(15.83) is set equal to zero. Substitution of Eq. (15.81) into Eq. (15.83) gives 



10 0 = 



V 








pc x c 2 








lo 2o 


2JU 


4xs a 3 

o 







( % a Q 

C \ C 2\ 2C BO~ C BO~^ 



In 





1 aa * 


2Cf 2 









-1 



E T (c 



atom - atom 



,msp*.AO^ 



mc 




BO 



%nsa l 

O 



C BO e 



8jw 



a-f 




(15.84) 

The vibrational energy-term of Eq. (15.84) is determined by the forces between the central 
field and the electrons and those between the nuclei (Eqs. (11.141-11.145)). The electron- 

■ 

central-field force and its derivative are given by 



15 



/(«> - 



BO 



(15.85) 



and 
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C l C 2 e 

Altera 



(15.86) 



The nuclear repulsion force and its derivative are given by 



e 



(15.87) 



and 



(15.88) 



such that the angular frequency of the oscillation is given by 




L 


e 2 






M 



(15.89) 



Since both terms of E ox = E D + E Kxib are small due to the large values of a and c' , to very 

good approximation, a convenient form of Eq. (15.84) which is evaluated to determine the 
10 bond angles of functional groups is given by 



0 = 



%7t£, 



\ 



0 -2C,C 2 



a+ 1 


1 aa o 


'2C,C 2 


.-J 




2C,C 2 



-1 



+ E T (atom - atom,msp 3 .AO^ 



1 + 



2^ 


1 V 




m e 


m c 2 
e J 




0£ 



O 



8/zs 



2C,C 2 



(15.90) 



From the energy relationship given by Eq. (15.90) and the relationship between the axes 
given by Eqs. (15.2-15.5), the dimensions of the A- B MO can be solved. The most 
convenient way to solve Eq. (15.90) is by the reiterative technique using a computer. 
1 5 A factor c 2 of a given atom in the determination of c' 2 for calculating the zero of the 

total A-B bond energy is typically given by Eqs. (15.62-15.65). In the case of a H - H 
terminal bond of an alkyl or alkenyl group, c\ is typically the ratio of c 2 of Eq. (15.62) for 
the H- H bond which is one and c 2 of the carbon of the corresponding C-H bond: 
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4 = 



1 13.605804 eV 



(15.91) 



c 2 (C2sp 3 ) E Cottlomb (c - H C2sp 3 ) 

In the case of the determination of the bond angle of the ACH MO comprising a linear 
combination of C - A -bond and C - H -bond MOs where A and C are general, C is the 

central atom, and c 2 for an atom is given by Eqs. (15.62-15.70), c\ of the A-H terminal 
5 bond is typically the ratio of c 2 of the A atom for the A - H terminal bond and c 2 of the C 

atom of the corresponding C - H bond: 

c 2 (A(A-H)msp*) 
2 c 2 (C(C - H)(msp 3 ) 

In the case of the determination of the bond angle of the COH MO of an alcohol comprising 
a linear combination of C - O -bond and 0~H -bond MOs where C , O , and H are carbon, 

10 oxygen, and hydrogen, respectively, c\ of the C-H terminal bond is typically 0.91771 

r 

since the oxygen and hydrogen atoms are at the Coulomb potential of a prbton and an electron 

■ 

(Eqs. (1.236) and (10.162), respectively) that is energy matched to the C2sp 3 HO. 

In the determination of the hybridization factor c' 2 of Eq. (15.90) from Eqs. (15.62- 

15.70), the Coulombic energy, E^ o ^{MO.atom,msp^, or the energy, e(mO. atom,msp 3 ), 

15 Ihe radius r , of the A or B AO or HO of the heteroatom of the A - B terminal bond 

A- B AorBsp 3 

» 

MO such as the C2sp 3 HO of a terminal C-C bond is calculated using Eq. (15.32) by 

* * » . " * 

* * 

considering (MO,2sp 3 J 9 the total energy donation to each bond with which it 

participates in bonding as it forms the terminal bond. The Coulombic energy 
^coulomb (MO.atom 9 msp^ of the outer electron of the atom msp* shell is given by Eq. (15.19). 

20 In the case that during hybridization, at least one of the spin-paired AO electrons is unpaired 
in the hybridized orbital (HO), the energy change for the promotion to the unpaired state is 
the magnetic energy E(magnetic) (Eq. (15.15)) at the initial radius rof the AO electron. 

Then, the energy E(MOxxtom,msp 3 ^ of the outer electron of the atom msp 2 shell is given by 
the sum of E Couhmb (MOxitom 9 msp 3 ^ and E(magnetic) (Eq. (15.20)). 

* 

25 In the specific case of the terminal bonding of two carbon atoms, the c 2 factor of each 

carbon given by Eq. (15.62) is determined using the Coulombic energy 
E Coulomb (c-C CZsp 3 ) of the outer electron of the C2.sp 3 shell given by Eq. (15.19) with the 
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radius r, ccV of each C2sp 3 HO of the terminal C-C bond calculated using Eq. (15.32) 
by considering (MO,2ap 3 ) the total energy donation to each bond with which it 

participates in bonding as it forms the terminal bond including the contribution of the 
methylene energy, 0.92918 eV (Eq. (14.513)), corresponding to the terminal C-C bond. 
5 The corresponding E T (atom- atom,msp 3 .AC>ya Eq. (15.90) is 
E T (C-C C2sp*y -1.85836 eV . 

In the case that the temainal atoms are carbon or other heteroatoms, the terminal bond 
comprises a linear combination of the HOs or AOs; thus, c' z is the average of the 

hybridization factors of the participating atoms corresponding to the normalized linear sum: 

• • ■ ■ . • • . 

j ... 

10 C 2 =-(c' 2 (atomiyc' 2 (atom2^ (15.93) 

In the exemplary cases of C- C, O- O, and N- N where C is carbon: 



2 2 



f N 
g • e 



e 2 e 1 



1 



K ine 0 r A-AA,AO/HO ^^A-AA.AOlHoJ 

13.605804 eV 13.605804 eV ^ 

( A ~ A -MO I HO) + (A - A.A.AO 1 HO} 



(15.94) 



\ Coulomb 

In the exemplary cases of C-N , C-O, and C-S 9 



, 1 13.605804 eV , J. 

Ct '\^JF^f" A } J 05 ' 95) 

15 where C is carbon and c z (c to J?) is the hybridization factor of Eqs. (15.52) and (15.84) that 

matches the energy of the atom B to that of the atom C in the group. For these cases, the 

corresponding E T (atom- atom,msp 3 .AO) term in Eq. (15.90) depends on the hybridization 

and bond order of the terminal atoms in the molecule, but typical values matching those used 
in the determination of the bond energies (Eq. (1 5.56)) are 

20 E T (C - OC2sp\02p)= -1.4491 5 eV; E T (c-0 C2sp\02 p y -1.65376 eV ; 

E T (C- N C2sp\N2p)r -1.4491 5 eV ; E T (c- S C2sp 3 .S2 p y -0.72457 eV ; 

E T (o~ O O2p.02 p y-IM9\5 eV; E T (0-0 02p.02p)= -1.65376 eV; 
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E T (N-N N2pmp)= -1.44915 eV ; E T (N-0 N2p.02p)= -1 .44915 ; 

E T (F - F F2p.F2p)= -1.44915 eF; £ T (c/-CJ C/3p.C/3/>)= -0.92918 

£ T (gr - Br Br4p.Br4 -0.92918 ; E T (i - 1 I5p.I5p)= -0.36229 eV 

E T (c-FC2sp\F2py -1.85M6 eV; E T (c-Cl C2jp 3 .C/3p^= -0.92918 eV 

5 E T (C - Br C2sp\Br 4 P y= -0.72457 eV; E T (C-I C2sp\I5p)= -0.36228 eF, and 

£ r (O - CZ 02p.Cl3p)= -0.92918 eV . 

In the case that the terminal bond is X- X where X is a halogen atom, c, is one, 
and d. is the average (Eq. (15.93)) of the hybridization factors of the participating halogen 
atoms given by Eqs. (15.62-15.63) where E CoM (MO.atom,msp 3 ) is determined using Eq. 

10 (15.32) and E^ u ^{MO.atom 9 msp^ 13.605804 eV for Jf = 7. The factor C Y of Eq. 

(15.90) is one for all halogen atoms. The factor C 2 of fluorine is one since it is the only 

halogen wherein the ionization energy is greater than that 13.605804 eV , the magnitude of 
the Coulombic energy between the electron and proton of H given by Eq. (1.243). For each 
of the other halogens, CI, Br, and /, C 2 is the hybridization factor of Eq. (15.52) given by 

15 Eq. (15.70) with c 2 (l) being that of the halogen given by Eq. (15.68) that matches the 
valence energy of X (E x (valence)) to that of the C2sp 3 HO (E 2 (valence)^ -14.63489 eV, 
Eq. (15.25)) and to the hybridization of C2sp 3 HO (c 2 (2)= 0.91771, Eq. (13.430)). 
E T (atom- atom,msp 2 .AO) of Eq. (15.90) is the maximum for the participating atoms which 

is -1.44915 eV, -0.92918 eV , -0.92918 eV , and -0.33582 eV for F, CI, Br, and /, 
20 respectively. 

Consider the case that the terminal bond is C - X where C is a carbon atom and X 
is a halogen atom. The factors c, and C x of Eq. (15.90) are one for all halogen atoms. For 

X - F , c\ is the average (Eq. (15.95)) of the hybridization factors of the participating carbon 
and F atoms where c 2 for carbon is given by Eq. (15.62) and c 2 for fluorine matched to 
25 carbon is given by Eq. (15.70) with c 2 (l) for the fluorine atom given by Eq. (15.68) that 
matches the valence energy of F {E x (vaJence)^ -17.42282 eV) to that of the C2sp* HO 
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(E 2 (yalence)=: -14.63489 eV , Eq. (15.25)) and to the hybridization of C2sp 3 HO 

(c 2 (2)= 0.91771 , Eq. (13.430)). The factor C 2 of fluorine is one since it is the only halogen 

wherein the ionization energy is greater than that 13.605804 eV, the magnitude of the 
Coulombic energy between the electron and proton of H given by Eq. (1.243). For each of 
5 the other halogens, C7 9 Br , and I 9 c\ is the hybridization factor of the participating carbon 

atom since the halogen atom is energy matched to the carbon atom. C 2 of the terminal-atom 
bond matches that used to determine the energies of the corresponding C-^-bond MO. 
Then, C 2 is the hybridization factor of Eq. (15.52) given by Eq. (15.70) with c 2 (l) for the 

halogen atom given by Eq. (15.68) that matches the valence energy of X (E^alence^) to 

. > 

10 that ofthe Clsp 3 HO (£ 2 (va/ence)= -14.63489 e7, Eq. (15.25)) and to the hybridization of 
C2sp 3 HO (c 2 (2)= 0.91771 , Eq. (13.430)). E T (atom- atom,msp 3 AO) of Eq. (15.90) is 

the maximum for the participating atoms which is -1 .85836 eV , -0.92918 eV , 
-0.72457 eV , and -0.33582 eV for F, CI, Br , and I, respectively. 

Consider the case that the terminal bond is H - X corresponding to the angle of the 

15 atoms HCX where C is a carbon atom and X is a halogen atom. The factors c } and of 
Eq. (15.90) are 6.75 for all halogen atoms. For X= F , c\ is given by Eq. (15.69) with c 2 
of the participating carbon and F atoms given by Eq. (15.62) and Eq. (15.65), respectively. 
The factor CL of fluorine is one since it is the only halogen wherein the ionization energy is 
greater than that 1 3.605804 eV , the magnitude of the Coulombic energy between the electron 

20 and proton of if given by Eq. (1.243). For each ofthe other halogens, CI, Br, and I, c\ is 
also given by Eq. (15.69) with c 2 ofthe participating carbon given by Eq. (15.62) and c 2 of 
the participating X atom given by c 2 = 0.91771 (Eq. (13.430)) since the X atom is energy 
matched to the C2sp 3 HO. In these cases, C 2 is given by Eq. (15.65) for the corresponding 

atom X where C 2 matches the energy of the atom X to that of H . 
25 Using the distance between the two atoms A and B of the general molecular 

group ACB when the total energy of the corresponding A - B MO is zero, the corresponding 
bond angle can be determined from the law of cosines: 

^ 2 +5 2 2 -2^ 2 cosine^ = ^ 2 (15.96) 
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With 4 = 2c' c _ A , the internuclear distance of the C-A bond, s 2 = 2c' c _ B , the intemuclear 
distance of each C - B bond, and s 3 = 2c\_ B , the internuclear distance of the two terminal 
atoms, the bond angle 8 MCB between the C - A and C - B bonds is given by 

(2c' c _ J + (2C C _ J -2(2c-X2<*c->^= (2c V J 05.97> 



-1 



(2c> c J + (2c< J-(2c' A _ B f 



(15.98) 



Consider the exemplary structure C b C a (O a )O b wherein C o is bound to C b , O a , and O b . In 
the general case that the three bonds are coplanar and two of the angles are known, say 0, and 
0, , then the third 0, can be determined geometrically: 

2 3 

03 = 360-^-02 ( 15 -99) 
10 In the general case that two of the three coplanar bonds are equivalent and one of the angles is 
known, say 0 , then the second and third can be determined geometrically: 

( 360-0.) (15100) 

2 3 2 

ANGLES AND DISTANCES FOR AN MO THAT FORMS AN ISOSCELES 
15 TRIANGLE 

> • 

In the general case where the group comprises three A - B bonds having B as the central 
atom at the apex of a pyramidal structure formed by the three bonds with the A atoms at the 

4 

base in the xy-plane. The C 3v axis centered on B is defined as the vertical or z-axis, and any 
two A-B bonds form an isosceles triangle. Then, the angle of the bonds and the distances 
20 from and along the z-axis are determined from the geometrical relationships given by Eqs. 
(13.412-13.416): 

the distance d _ _ from the origin to the nucleus of a terminal B atom is given by 

origin— B 

2c' 



B-B 



2sin60° 

the height along the z-axis from the origin to the A nucleus d hi!fghl is given by 



25 d M 3 ht 



-faV.1-(?^B)>«* < 15 - 102 > 
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the angle 0 V of each A - B bond from the z-axis is given by 
0 = tan~ 1 f ^-* > | (15.103) 

V ^height ) 

Consider the case where the central atom B is further bound to a fourth atom C and 
the B - C bond is along the z-axis. Then, the bond 9 MC given by Eq. (14.206) is 

0^ c = 180-0, (15.104) 



DIHEDRAL ANGLE 

Consider the plane defined by a general ACA MO comprising a linear combination of two 
C-A -bond MOs where C is die central atom. The dihedral angle 0^; /j4G4 between the 
10 ACA -plane and a line defined by a third bond with C 5 specifically that corresponding to a 
C - B -bond MO, is calculated from the bond angle 0 MCA and the distances between the A , 

B , and C atoms. The distance d x along the bisector of 0 Z4C4 from C to the internuclear- 

distance line between A and A 3 2c' A _ A , is given by 

« 

rf 1 = 2c' c _ jl cos^- (15.105) 

2 

15 where 2c V t is the internuclear distance between A and C. The atoms ^4, J, and B 

L—A 

define the base of a pyramid. Then, the pyramidal angle 0^ can 

internuclear distances between A and A, 2c \ _ A , and between A and 5, 2c^_ B , using the 

lawof cosines (Eq. (15.98)): 



d ZABA = 005 



-I 



(2 C yJ < .(2cyJ-(2cyj' j „ 



20 Then, the distance d 2 along the bisector of 6^ from B to the internuclear-distance line 
2c'^,is given by 

d^lc^^cos^- (15.107) 

The lengths d x , d 2 , and 2c' CB define a triangle wherein the angle between d x and the 
internuclear distance between B and C, 2c' c _ B , is the dihedral angle # ZBCMCy4 that can be 
25 solved using the law of cosines (Eq. (1 5.98)): 
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(15.108) 



SOLUTION OF GEOMETRICAL AND ENERGY PARAMETERS OF 
MAJOR FUNCTIONAL GROUPS AND CORRESPONDING ORGANIC 
5 MOLECULES 

The exemplary molecules given in the following sections were solved using the solutions of 
organic chemical functional groups as basis elements wherein the structures and energies 
where linearly added to achieve the molecular solutions. Each functional group can be treated 
as a building block to form any desired molecular solution from the corresponding linear 
10 combination. Each functional group element was solved using the atomic orbital and hybrid 
orbital spherical orbitsphere solutions bridged by molecular orbitals comprised of the H 2 - 

type prolate spheroidal solution given in the Nature of the Chemical Bond of Hydrogen-Type 
Molecules section. The energy of each MO was matched at the HO or AO by matching the 
hybridization and total energy of the MO to the AOs and HOs. The energy E (e.g. given 

15 by Eq. (15.58)) for a C2sp* HO and Eq.(15.59) for an 02p AO) was subtracted for each set 

* 

of unpaired electrons created by bond breakage. 

The bond energy is not equal to the component energy of each bond as it exists in the 
molecule; although, they are close. The total energy of each group is its contribution to the 
total energy of the molecule as a whole. The determination of the bond energies for the 

20 creation of the separate parts must take into account the energy of the formation of any 
radicals and any redistribution of charge density within the pieces and the corresponding 
energy change with bond cleavage. Also, the vibrational energy in the transition state is 
dependent on the other groups that are bound to a given functional group. This will effect the 
functional-group energy. But, because the variations in the energy based on the balance of the 

25 molecular composition are typically of the order of a few hundreds of electron volts at most, 
they were neglected. 

The energy of each functional-group MO bonding to a given carbon HO is 
independently matched to the HO by subtracting the contribution to the change in the energy 
of the HO from the total MO energy given by the sum of the MO contributions and 

30 E(c,2sp*y -14.63489 eV (Eq. (13.428)). The intercept angles are determined from Eqs. 
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(15.71-15.78) using the final radius of the HO of each atom. The final carbon-atom radius is 
determined using Eqs. (15.32) wherein the sum of the energy contributions of each atom to all 
the MOs in which it participates in bonding is determined. This final radius is used in Eqs. 
(15.19) and (15.20) to calculate the final valence energy of the HO of each atom at the 

5 corresponding final radius. The radius of any bonding heteroatom that contributes to a MO is 
calculated in the same manner, and the energy of its outermost shell is matched to that of the 
MO by the hybridization factor between the carbon-HO energy and the energy of the 
heteroatomic shell. The donation of electron density to the AOs and HOs reduces the energy. 
The donation of the electron density to the MO's at each AO or HO is that which causes the 

10 resulting energy to be divided equally between the participating AOs or HOs to achieve 
energy matching. 

The molecular solutions can be used to design synthetic pathways and predict product 

■ 

yields based on equilibrium constants calculated from the heats of formation. New stable 
compositions of matter can be predicted as well as the structures of combinatorial chemistry 

» ♦ 

1 5 reactions. Further important pharmaceutical applications include the ability to graphically or 
computationally render the structures of drugs that permit the identification of the biologically 
active parts of the molecules to be identified from the common spatial charge-density 
functions of a series of active molecules. Drugs can be designed according to geometrical 
parameters and bonding interactions with the data of the structure of the active site of the 

20 drug. 

To calculate conformations, folding, and physical properties, the exact solutions of the 
charge distributions in any given molecule are used to calculate the fields, and from the fields, 
the interactions between groups of the same molecule or between groups on different 
molecules are calculated wherein the interactions are distance and relative orientation 
25 dependent. The fields and interactions can be determined using a finite-element-analysis 
approach of Maxwell's equations. 
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AROMATIC AND HETEROCYCLIC COMPOUNDS 

Aromatic and heterocyclic molecules comprise at least one of an aromatic or a cyclic 
conjugated alkene functional group. The latter was described in the Cyclic and Conjugated 
Alkenes section. The aromatic bond is uniquely stable and requires the sharing of the electrons 
5 of multiple H 2 -type MOs. The results of the derivation of the parameters ' of the benzene 

molecule given in the Benzene Molecule (C 6 H 6 ) section can be generalized to any aromatic 
function group(s) of aromatic and heterocyclic compounds. 

C 6 H 6 can be considered a linear combination of three ethylene molecules wherein a 
C-H bond of each CH 2 group of H 2 C = CH 2 is replaced by a C = C bond to form a six- 
10 member ring of carbon atoms. The solution of the ethylene molecule is given in the Ethylene 
Molecule (CH 2 CH 2 ) section. The radius (0.85252a 0 ) of the C2sp 3 shell of ethylene 

calculated from the Coulombic energy is given by Eq. (14.244). The Coulombic energy 
EcoviombfceWM' 2 ^) (-15.95955 eV ) of the outer electron of the C2sp 3 shell is given by Eq. 

(14.245). The energy ^(c^,25/7 3 ) (-15.76868 eV) of the outer electron of the C2sp 3 shell 
15 is given by Eq. (14.246). <E T (c = C,2sp*) (-1.13380 eV ) (Eq. (14:247), the energy change of 
each C2sp 3 shell with the formation of the C = C -bond MO is given by the difference between 
E (Cethyiene> 2s P 3 ^) 311(1 E(c,2sp 3 y C 6 H 6 can be solved using the same principles as those used 
to solve ethylene wherein the 2s and 2p shells of each C hybridize to form a single 2sp 3 shell 

as an energy minimum, and the sharing of electrons between two C2sp 3 hybridized orbitals 
20 (HOs) to form a molecular orbital (MO) permits each participating hybridized orbital to 
decrease in radius and energy. Each 2sp 3 HO of each carbon atom initially has four unpaired 
electrons. Thus, the 6 H atomic orbitals (AOs) of benzene contribute six electrons and the six 
sp -hybridized carbon atoms contribute twenty-four electrons to form six C - H bonds and six 
C = C bonds. Each C- H bond has two paired electrons with one donated from the H AO 
25 and the other from the C2sp 3 HO. Each C = C bond comprises a linear combination of a factor 
of 0.75 of four paired electrons (three electrons) from two sets of two C2sp 3 HOs of the 
participating carbon atoms. Each C - H and each C = C bond comprises a linear combination 
of one and two diatomic H 2 -type MOs developed in the Nature of the Chemical Bond of 
Hydrogen-Type Molecules and Molecular Ions section, respectively. 
30 Consider the case where three sets of C = C-bond MOs form bonds between the two 

carbon atoms of each molecule to form a six-member ring such that the six resulting bonds 
comprise eighteen paired electrons. Each bond comprises a linear combination of two MOs 

wherein each comprises two C2.sp 3 HOs and 75% of a # 2 -type ellipsoidal MO divided between 
the C2sp 3 HOs: 

3(2 C2sp 3 + 0.75 H 2 m6)-+ 3(7= cX ethylene - type - bond MO 

/ benzene ) 



35 



(15.142) 
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The linear combination of each H 2 -type ellipsoidal MO with each C2sp HO further comprises 

an excess 25% charge-density contribution per bond from each C2sp 3 HO to the C = C -bond 
MO to achieve an energy < minimum. Thus, the dimensional parameters of each bond C= C- 
bond are determined using Eqs. (15.42) and (15.1-1 5.5) in a form that are the same equations as 
5 those used to determine the same parameters of the C = C -bond MO of ethylene (Eqs. (14.242- 
14.268)) while matching the boundary conditions of the structure of benzene. 

Hybridization with 25% electron donation to each C = C -bond gives rise to the 

L„V HO-shell Coulombic energy E CM (c bercene ,2sp 3 ) given by Eq. (14.245). To meet 
the equipotential condition of the union of the six C2sp 3 HOs, c 2 and C 2 of Eq. (15.42) for the 

30 

10 aromatic C=C -bond MO is given by Eq. (15.62) as the ratio of 15.95955 eV , the magnitude of 

Ecouiomb^benmt' 2 ^} C^l- ( 14 - 245 ))> md 13.605804 eV , the magnitude of the Coulombic 
energy between the electron and proton of H (Eq. (1 .243)): 

• ' C 2 (benzeneC2sp 3 HO)= c 2 (benzeneC2sp 3 HO)= 1 ^ 6Q5804eF = 0.85252 < (15.143) 

15.95955 &V 

'• . • ■ - 3e \ . . 

The energies of each C=C bond of benzene are also determined using the same 
15 equations as those of ethylene (Eqs. (14.251-14.253) and (14.319-14.333) with the parameters of 

benzene. Ethylene serves as a basis element for the C=C bonding of benzene wherein each of 

3e 

the six C=C bonds of benzene comprises (0.75)(4)=3 electrons according to Eq. (15.142). 

3c 

The total energy of the bonds of the eighteen electrons of the C=C bonds of benzene, 
E T (^ 6 H 69 C^c\ is given by (6)(o.75> times E T + osc (c = c) (Eq. (14.492)), the total energy of 

20 the C=C -bond MO of benzene including the Doppler term, minus eighteen times E\C,2sp 3 ) 

3c 

(Eq. (14.146)), the initial energy of each C2sp 3 HO of each C that forms the C=C bonds of 

3c 

bond order two. Thus, the total energy of the six C=C bonds of benzene with three electron 
per aromatic bond given by Eqi (14.493) is 

E T \C 6 H 6 ,C=cj = (6X0-75> r+aic (c = C>- (e^E^lsp') 

= (6)(0.75)(-66.05796 eV)- 18(-14.63489 eV) (15.144) 
= -297.26081 eV - (-263.42798 eV) 
= -33.83284 eV 

25 The results of benzene can be generalized to the class of aromatic and heterocyclic compounds. 
E^ of an aromatic bond is given by E T (i/ 2 ) (Eqs. (1 1.212) and (14.486)), the maximum total 

energy of each H 2 -type MO such that 

S.-n(g | , + S«>^-31.fi3536831 eV ^ + \ h ^\ < 15145 > 

The factor of 0.75 corresponding to the three electrons per aromatic bond of bond orcler two 
30 given in the Benzene Molecule (C 6 H 6 ) section modifies Eqs. (15.52-15.56). Multiplication of 
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the total energy given by Eq. (15.55) by f x = 0.75 with the substitution of Eq. (15.145) gives the 
total energy of the aromatic bond: 



' E(basis energies) + E T (atom- atom 9 msp 3 AO} 



E T (group)— f x 



-31.63536831 eV 



1 




2^ 


AneR 3 

0 


m 

e 


mc 2 

c 



2 

ot"B 



r 3 j 



(15.146) 



5 The total bond energy of the aromatic group E D is the negative difference of the total 
energy of the group (Eq. (15.146)) and the total energy of the starting species given by the sum 
of o A E maol (c 4 AO I HO) and c s E MM (c 5 AO/ HO): 

^ / E(basis energies) 4- E T (atom - atom, msp 3 .AO*) ^ 



E (group) = — 



fx 



-31.63536831 eV 




*W4 



J 



(15.147) 



m*a« ( a ° 1 H °y c > e »**> ( c s a ° i h °)) 

Since there are three electrons per aromatic bond, c 4 is three times the number of aromatic 
10 bonds. 

Benzene can also be considered as comprising chemical bonds between six CH radicals 
wherein each radical comprises a chemical bond between carbon and hydrogen atoms. The 
solution of the parameters of CH is given in the Hydrogen Carbide (CH) section. Those of the 

benzene are given in the Benzene Molecule (C 6 H 6 ) section. The energy components of V e , V 9 

15 T 9 V m y and E T are the same as those of the hydrogen carbide radical; except that 

E T (c = C,2sp 3 y= -1.13379 eV (Eq. (14.247)) is subtracted from E T (CH) of Eq. (13.495) to 
match the energy of each C - //-bond MO to the decrease in the energy of the corresponding 
C2sp 3 HO. In the corresponding generalization of the aromatic CH group, the geometrical 
parameters are determined using Eq. (15.42) and Eqs. (15.1-15.5) with 

20 E T (atom- atom,msp 3 .AO)= -1. 13379 eV . 

The total energy of the benzene C - H -bond MO, E T (C-H), given by Eq. (14.467) 
is the sum of 0.52? r (c = C,2sp 3 ^, the energy change of each C2sp 3 shell per single bond due to 



3e 



the decrease in radius with the formation of the corresponding C=C -bond MO (Eq. (14.247)), 
and E r ^ the a MO contribution given by Eq. (14.441). In the corresponding 



25 generalization of the aromatic CH group, the energy parameters are determined using Eqs. 

/ \ -1 13379 eV 
(15.146-15.147) with f } =1 and E T [atom- atom,msp 3 .AO\= — : . Thus, the energy 
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contribution to the single aromatic CH bond is one half that of the C=C double bond 

contribution. This matches the energies of the CH and C=C aromatic groups, conserves the 
electron number with the equivalent charge density as that of 5 = lin Eqs. (15.18-15.21), and 

further gives a minimum energy for the molecule. Breakage of the aromatic C=C bonds to 
5 give CH groups creates unpaired electrons in these fragments that corresponds to c 3 = 1 in Eq. 

(15.56) with given by Eq. (15.58). 

Each of the C-H bonds of benzene comprises two electrons according to Eq. (14.439). 
From the energy of each C-H bond, -E D ( 12 Ctf) (Eq. (14.477)), the total energy of the 

twelve electrons of the six C-H bonds of benzene, E t (C 6 H 69 C-H) 9 given by Eq. (14.494) 
10 is 

E T (C 6 H 6 ,C- H)= (6)(-^_ ( l2cff ))= 6(-3.90454 eV)= -23.42724 eV (15.148) 
The total bqnd dissociation energy of benzene, E D (C 6 # 6 )> given by Eq. (14.495) is the negative 

sum of E T \c 6 H 6 ,C=cJ (Eq. (14.493)) and E T (C 6 H 6 ,C- H) (Eq. (14.494)): 

E D (C 6 H 6 y -[e t [c,H 6 ,C=cj + E T (C 6 if 6 ,C - H )j 

= -((-33.83284 eF)+ (-23.42724 eF)) (15.149) 
= 57.2601 

15 Using the parameters given in Tables 15.214 and 15.216 in the general equations (Eqs. (15.42), 
(15.1-15.5), and (15.146-15.147)) reproduces the results for benzene given in the Benzene 

Molecule (C 6 H 6 ) section as shown in Tables 15.214 and 15.216. 

The symbols of the functional groups of aromatics and hertocyclics are given in Table 
15.213. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 

20 energy (Eqs. (15.6-15.11), (15.17-15.56), and (15.146-15.147)) parameters of aromatics and 
hertocyclics are given in Tables 15.214, 15.215, and 15.216, respectively. The total energy of 
benzene given in Table 15.217 was calculated as the sum over the integer multiple of each 
E D faoup) of Table 15.216 corresponding to functional-group composition of the molecule. The 
bond angle parameters of benzene determined using Eqs. (15.79-15.108) are given in Table 

25 15.218. 

Table 15.213. The symbols of functional groups of aromatics and hertocyclics. 



| Functional Group 1 Group Symbol 



3« 

CC (aromatic bond) C=C 
CH (aromatic) CH (i) 
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Table 15.214. The geometrical bond parameters of aromatics and hertocyclics and 
experimental values [1]. 



Parameter 


3e 

Group 


CH 
Group 


V o J 


1 47348 


1.60061 




1.31468 


1.03299 


Bond Length 2c % (□) 


1.39140 


1.09327 


Exp. Bond Length 

(p) 


1.399 
(benzene) 


1.101 

(benzene) 


b > c (»o) 


0.66540 


1.22265 


e 


0.89223 


0.64537 



5 Table 1 5.216. The energy parameters (eV) of functional groups of aromatics and 
heterocyclics. 



Jt aramexers 


c=c 

Group 


CH 
. Group 


A 


0.75 


1 




2 


1 




0 


0 


"3 


0 


0 




0.5 


0.75 




0.85252 


1 




1 


1 




0.85252 


0.91771 




0 


1 


C 4 


3 


1 




0 


1 




0.5 


0.75 




0.85252 


1 


V (eV) 


-101.12679 


-37.10024 


V p {eV) 


20.69825 


13.17125 


T (eV) 


34.31559 


11.58941 


V (eV) 


-17.15779 


-5.79470 


E{^oih6) (eV) 


0 


-14.63489 


AE H 2 Mo( AO,M °) W 


0 


-1.13379 
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E T (ao/ho) (eV) 


0 


-13.50110 


E T (p 2 uo)(eV) 


-63.27075 


-31.63539 


E r (atom - atom,msp*AO) (eV) 


-2.26759 


-0.56690 


E T (eV) 


-65.53833 


-32.20226 


0) (lO 15 rod Is) 


49.7272 


26.4826 


E K (eV) 


32.73133 


17.43132 


E D (eV) 


-0.35806 


-0.26130 




0.19649 


0.35532 

ILIJ. ytj.HJoj 


E (eV) 


-0.25982 


-0.08364 


E (eV) 

mag v ' 


0.14803 


0.14803 


E T {snw) (eV) 


-49.54347 


-32.28590 




-14.63489 


-14.63489 




0 


-13.59844 


E D ^rcp){eV) 


5.63881 


3.90454 
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Table 1.1. The calculated and experimental total bond energies of n-alkanes using closed- 



form equations having integers and fundamental constants only. 







Calculated 


Experimental 


Relative Error 


Formula 


Name 


Total Bond 


Total Bond 








Energy (eV) 


Energy (eV) 




C^Hg 


Propane 


41.46896 


41.434 


-0.00085 


C4H10 


Butane 


53.62666 


53.61 


-0.00036 


C5H12 


Pentane 


65.78436 


65.77 


-0.00017 


C6H14 


Hexane 


77.94206 


77.93 


-0.00019 


C7H16 


Heptane 


90.09976 


90.09 


-0.00013 


CsHib 


Octane 


102.25746 


102.25 


-0.00006 


C9H20 


Nonane 


114.41516 


114.40 


-0.00012 


C10H22 


Decane 


126.57286 


126.57 


-0.00003 


C11H24 


Undecane 


138.73056 


138.736 


0.00004 


C12H26 


Dodecane 


150.88826 


150.88 


-0.00008 


C18H38 


Octadecane 


223.83446 


223.85 


0.00008 



Table 1 .2. The calculated and experimental total bond energies, of branched alkanes using 
closed-form equations having integers.and fundamental constants only. 



■ • 


• 


Calculated 


Experimental 


Relative Error 


Formula 


Name 


Total Bond 


Total Bond 
Enertrv ( eV^ 






iouUUloIJC 


S3 69922 


53 695 








65 85692 


65 843 


-0.0002! 


C W. 


n cupcauuiv 




6*5 992 


0.00195 




O — lV4fH'Vi v 1 rw»Tvt"n n p» 

^-iviciayipciiuujc 


78 01462 


78 007 


-0.00010 


^6**] 4 


i v*v my iu wjixmu av* 


78 01462 


77 979 


-0.00046 




2,2-DimerhyIbutane 


78.02106 


78.124 


0.00132 


CsHm 


2,3-Dimethylbutane 


77.99581 


78.043 


0.00061 


CyHje 


2-Methylhexane 


90.17232 


90.160 


-0.00014 


CtH 16 


3-Methylhexane 


90.17232 


90.127 


-0.00051 


C7HJ6 


3-Ethylpentane 


90.17232 


90.108 


-0.00072 




2,2-Dimethylpentane 


90.17876 


90.276 


0.00107 


C7H16 


2,2,3-Trimethylbutane 


90.22301 


90.262 


0.00044 


. C7H16 


2,4-Dimethylpentane 


90.24488 


90.233 


-0.00013 


C?H 16 


3,3-Dimethylpentane 


90.17876 


90.227 


0.00054 


CgHig 


2-Methylheptane 


102.33002 


102.322 


-0.00008 


C 8 Hi 8 


3-Methylheptane 


102.33002 


102.293 


-0.00036 


CgHig 


4-Methylheptane 


102.33002 


102.286 


-0.00043 


CgHja 


3-Ethylhexane 


102.30169 


102274 


-0.00027 




2 ,2-Dimethy lhexane 


102.33646 


102.417 


0.00079 


CgH 18 


2,3-Dimethylhexane 


102.31121 


102.306 


-0.00005 




2,4-Dimethylhexane 


102.40258 


102.362 


-0.00040 


QHig 


2,5-Dimethylhexane 


102.40258 


102396 


-0.00006 


QH 18 


3 ,3 -Dimethy lhexane 


102.33646 


102369 


0.00032 


CgHia 


3,4-Dimethylhexane 


102.31121 


102.296 


-0.00015 


QHib 


3-EthyI-2-methylpentane 


102.31121 


102277 


-0.00033 


CgHig 


3-Ethyl-3-methylpentane 


102.33646 


102.317 


-0.00019 


C 8 Hi 8 


2,2,3-Trimethylpentane 


102.38071 


102.370 


-0.00010 


QHi 8 


2,2,4-Trimethylpentane 


102.40902 


102.412 


0.00003 


CgHi 8 
CgHig 


2^^-Trimethylpentane 


102.38071 
102.29240 


102.332 
102.342 


-0.00048 


2,3,4-Trimethylpentane 


0.00049 


CgHi 8 


2,2,3,3-Tetramethylbutane 


102.41632 


102.433 


0.00016 


C9H20 


2 r 3,5-TrimethyIhexane 


114.54147 


114.551 


0.00008 


C9H20 


3,3-Diethylpentane 


114.49416 


1 14.455 


-0.00034 


C9H20 


2,2,3 ,3-Tetramethy lpentane 


1 14.57402 


114.494 


-0.00070 


C9H20 


2,2,3,4-Tetrainethylpentane 


114.51960 


1 14.492 


-0.00024 
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Formula 



Name 



Calculated 
Total Bond 
Energy (eV) 



C9H20 

CgH20 
C10H22 



2,2,4,4-Tetramethylpentane 
2,3 ,3 ,4-Tetramethylpentane 
2-Methylnonane 
5-Methylnonane 



114.57316 
114.58266 
126.64542 
126.64542 



Experimental 
Total Bond 
Energy (eV) 



Relative Error 



114.541 
114.484 
126.680 
126.663 



-0.00028 
-0.00086 
0.00027 
0.00014 



Table 1.3. The calculated and experimental total bond energies of alkenes using closed-form 
equations having integers and fundamental constants only. 







Calculated 


T?-.r :.. 1 

Experimental 


Relative Error 


formula 


name 


Ta1t»1 TAnnH 

X l/lol JDUUU 

Energy (eV) 


1 uuu muiiu 

Energy (eV) 






Propene 


35.56033 


35.63207 


0.00201 


C4H8 


1 -Butene 


m r+ 1 AAA- 

47.71803 


47.78477 


0.00140 


C4H8 


trans-2-Butene 


47.93116 


47.90395 


-0.00057 


C4H8 


Isobutene 


47.90314 


47.96096 


0.00121 


QHio 


1 -Pentene 


59.87573 . " 


, 59.95094 


0.00125 , 


C5H10 


trans-2-Pentene 


60.08886 


60.06287 


-0.00043 




2-Methy I- 1 -butene 


60.06084 


60.09707 


0.00060 


C5H10 


2-Methyl~2-butene 


60.21433 


60.16444 


-0.00083 




3-Methyl-l-butene 


59.97662 

■ 


60.01727 


0.00068 




1-Hexeae 


72.03343 


72.12954 


A. AA 1 A A 

0.00133 




trans-2-Hexene 


7224656 


72.23733 


-0.00013 




trans-3-Hexene 


7224656 


72^4251 


A A y\ A A ^ 

-0.00006 


^6"i2 


z-Metnyl- 1 -pentene 






A AA1 AC 


^6tii2 


2-Metnyl-2-pentene 


7Z.3 IzxjD 


/zUo 


A AAAAA 


C^Hi2 


3-Methyl- 1 -pentene 


72.13432 


72.19173 


0.00080 


C6H| 2 


4-Methyl- 1 -pentene 


72.10599 


72.21038 


0.00145 


QH12 


3 -Methyl-trans-2-pentene 


72.37203 


72.33268 


-0.00054 


C5H12 


4-Methyl-trans-2-pentene 


72.34745 


72.31610 


-0.00043 


C 6 Hi2 


2-Ethyl-l -butene 


72.21854 


72J25909 


0.00056 


y"" 1 tt 

V6*M2 


2,3-Dunethyl- 1 -butene 


A 1 A. 4 A 

72.31943 


72.32543 


jTy AAAAA 

0.00008 


CgHi2 


3,3-Dimethyl- 1-butene 


72.31796 


72.30366 


-0.00020 


C6H12 


2,3-Dimethyl-2-butene 


72.49750 


72.38450 


-0.00156 


C7H14 


1-Heptene 


84.19113 


84.27084 


0.00095 


C7H14 


5-Methyl- 1 -hexene 


84.26369 


84.30608 


0.00050 


C7H14 


trans-3-Methyl-3-hexene 


84.52973 


84.42112 


-0.00129 


C 7 H!4 


2,4-Dimethyl-l-pentene 


84.44880 


84.49367 


0.00053 


C7H14 


4,4-Dimethyl-l-pentene 


84.27012 


84.47087 


0.00238 


C7H14 


2/r-Dimethyl-2-pentene 


84.63062 


84.54445 


-0.00102- 


C7H14 


trans-4,4-Dimethyl-2-pentene 


84.54076 


84.54549 


0.00006 


C7H14 


2-Ethy 1-3 -methyl- 1 -butene 


84.47713 


84.44910 


-0.00033 


C7H14 


2^,3-Trimethyl-l-butene 


84.51274 


84.51129 


-0.00002 


CgHi6 


1-Octene 


96.34883 


96.41421 


0.00068 




trans-2,2-Dimethyl-3-hexene 


96.69846 


96.68782 


-0.00011 




3-Ethyl-2-methyl-l-pentene 


96.63483 


96.61113 


-0.00025 


CgH^ 


2,4,4-Trimethyl-l -pentene 


96.61293 


96.71684 


0.00107 




2,4,4-Trimethyl-2-pentene 


96,67590 


96.65880 


-0.00018 


C10H20 


1-Decene 


120.66423 


120.74240 


0.00065 


C12H24 


1-Dodecene 


144.97963 


145.07163 


0.00063 


C|6H 32 


1-Hexadecene 


193.61043 


193.71766 


0.00055 
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Table 1.4. The calculated and experimental total bond energies of alkynes using closed-form 
equations having integers and fundamental constants only. 



Formula 



Name 



C 3 H4 

C4H6 
CgHj^ 



Propyne 

1- Butyne 

2- Butyne 
1-Nonyne 



Calculated 
Total Bond 
Energy (eV) 



29.42932 
41.58702 
41.72765 
102.37552 



Experimental 
Total Bond 
Energy (eV) 



Relative Error 



29.40432 
41.55495 
41.75705 
102.35367 



-0.00085 
-0.00077 
0.00070 
-0.00021 



Table 1.5. The calculated and experimental total bond energies of alkyl fluorides using 
closed-form equations having integers and fundamental constants only. 



Formula 



Name 



Calculated 
Total Bond 



Experimental Relative Error 
Total Bond 







Energy (eV) 


Energy (eV) 


CF 4 
CHF 3 
CH 2 F 2 . 
C3H7F 
C3H7F 


Tetrafluoromethane 

Trifluoromethane 

Difluoromethane 

1- Fluoropropane 

2- Fhioropropane 


21.07992 . 

19.28398 

18.22209 

41.86745 

41.96834 


21.016 
19.362 
18.280 
41.885 
41.963 



-0.00303 

0.00405 

0.00314 

0.00041 

-0.00012 



Table 1.6. The calculated and experimental total bond energies of alkyl chlorides using 
closed-form equations having integers and fundamental constants only. 



Formula 




Calculated 


Experimental 


Relative Error 


Name 


Total Bond 


Total Bond 








Energy (eV) 


Energy (eV) 




CCI4 


Tetrachloromethane 


13.43181 


13.448 


0.00123 


CHC1 3 


Trichloromethane 


14.49146 


14.523 


0.00217 


CH2CI2 


Dichloromethane 


15.37248 


15.450 


0.00499 


CH3CI 


Chloromethane 


16.26302 


16.312 


0.00299 


QHsCl 


Chloroethane 


28.61064 


28.571 


-0.00138 


QHtCI 


1-Chloropropane 


40.76834 


40.723 


-0.00112 


CsHtCI 


2-Chloropropane 


40.86923 


40.858 


-0.00028 


' C4H9CI 


1-Chlorobutane 


52.92604 


52.903 


-0.00044 


C4H9CI 


2-Chlorobutane 


53.02693 


52.972 


-0.00104 


C4H9CI 


1 -Chloro-2-methylpropane 


52.99860 


52.953 


-0.00085 


C4H9C] 


2-Chloro-2-methyIpropane 


53.21057 


53.191 


-0.00037 


CsHnCl 


1-Chloropentane 


65.08374 


65.061 


-0.00034 


C 5 H n Cl 


1 -Chloro-3-methylbutane 


65.15630 


65.111 


-0.00069 


CsHnCl 


2-Chloro-2-methylbutane 


65.36827 


65.344 


-0.00037 


CsHnCl 


2-Chloro-3-methyIbutane 


65.16582 


65.167 


0.00002 


C6H 13 C1 


2-Chlorohexane 


77.34233 


77.313 


-0.00038 


CsHjtCI 


1-Chlorooctane 


101.55684 


101.564 


0.00007 


C12H25CI 


1 -Chlorododecane 


150.18764 


150.202 


0.00009 


CigH 37 CI 


1-Chlorooctadecane 


223.13384 


223.175 


0.00018 
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Table 1 .7. The calculated and experimental total bond energies of alkyl bromides using 
closed-form equations having integers and fundamental constants only. 







Calculated 


Experimental 


Relative Error 


Formula 


Name 


Total Bond 


Total Bond 

X IUA ■ * villi 








Enerffv e 


Enersv (eV^ 




CBr 4 


Tetrabromoraethane 


11.25929 


11.196 


-0 00566 


CHBr 3 


Tribromomethane 


12.87698 


12.919 


0.00323 


CH^Br 


Bromomethane 


15.67551 


15.732 


0.00360 


C 2 H 5 Br 


Bromoethane 


28.03939 


27.953 


-0.00308 


C^Br 


1-Bromopropane 


40.19709 


40.160 


-0.00093 


C^jI^Br 


2-Bromopropane 


40.29798 


40.288 


-0.00024 


CsHioBr2 


2,3 -Dibromo-2-methylbutane 


63.48143 


63.477 


-0.00007 


CeH^Br 


1-Bromohexane 


76.67019 


76.634 


-0.00047 


CvHjsBr 


1-Bromoheptane 


88.82789 


88.783 


-0.00051 


CgH^Br 


1-Bromooctane 


100.98559 


100.952 


-0.00033 


C^H^Br 


1-Bromododecane 


149.61639 


149.573 


-O.00029 


Ci^H33Br 


1 -Bromohexadecane 


19824719 


198.192 


-0.00028 



Table 1.8. The calculated and experimental total bond energies of alkyl iodides using closed- 

■ 

form equations having integers and fundamental constants only. 



Formula 



Name 



Calculated 
Total Bond 



Experimental 
Total Bond 



Relative Error 



CH1 3 


Triiodomethane 


1035888 


10.405 


0.00444 


CH2I2 


Diiodomethane 


12.94614 


12.921 


-0.00195 


CH3I 


Iodomethane 


15.20294 


15.163 


-0.00263 


C2H5I 


Iodoethane 


27.36064 


27.343 


-0.00066 


C3H7I 


1-Iodopropane 


39.51834 


39.516 


-0.00006 


CW 


2-Iodopropane 


39.61923 


39.623 


0.00009 


C4H9I 


2-Iodo-2-methylpropane 


51.96057 


51.899 


-0.00119 



Table 1.9. The calculated and experimental total bond energies of alkene halides using 
closed-form equations having integers and fundamental constants only. 



Formula 



Name 



Calculated 
Total Bond 
Energy (eV) 



Experimental 
Total Bond 
Energy (e V) 



Relative Error 



QftCl 
C3H5CI 



Chloroetbene 
2-Chloropropene 



22.46700 
35.02984 



22.505 
35.05482 



0.00170 
0.00071 



Table 1.10. The calculated and experimental total bond energies of alcohols using closed- 
form equations having integers and fundamental constants only. 



Formula 



Name 



CH40 


Methanol 




Ethanol 




1-Propanol 


CsHgO 


2-Propanol 


C4H10O 


1-Butanol 


C4H10O 


2-Butanol 


QHuO 


2-Methyl-l -propananol 


C4H l0 O 


2-Methyl-2-propananol 


C 5 H 12 0 


1-Pentanol 



Calculated 
Total Bond 
Energy (eV\ 



21.11038 
33.40563 
45.56333 
45.72088 
57.72103 
57.87858 
57.79359 
58.15359 
69.87873 



Experimental 
Total Bond 
Energy (eV) 



Relative Error 



21.131 
33.428 
45.584 
45.766 
57.736 
57.922 
57.828 
58.126 
69.887 



0.00097 
0.00066 
0.00046 
0.00098 
0.00026 
0.00074 
0.00060 
-0.00048 
0.0001 1 
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Calculated 


experimental 


Relative error 


rormuia 


isame 


1 otai Bona 


1 otai rJona 








Jinergy (ev) 


energy (e v j 






2-"entanoi 


70.03628 


if\ Act 

70.057 


0.00029 






70.03o2o 


/u.uy / 


U.UUOo / 


C 5 H 12 0 


2-Metny 1- 1 -Dutanan 0 1 


69.95129 


£A OCT 

69.957 


A AAAAO 

0.00008 


C5H120 


3-Metnyi- 1 -butananol 


69.95129 


69.950 


-0.00002 


C5H12O 


2-Metnyl-2-butananol 


70.31129 




-0.00092 


C5H12O 


3-Methyi-2-butananol 


✓"A /\/AO "1 

69.96081 


nf\ ADO 

70.083 


A AA1 HA 

0.00174 


T T A*A 


1-Hexanol 


82.03643 


82.054 


0.00021 


CgHwO 


z-riexanoi 


82. 19398 




A AAACO 


C 7 H 16 0 


1-Heptanol 


94.19413 


94.214 


. 0.00021 


CgHisO 


1-Octanol 


106.35183 


106.358 


0.00006 


CsHisO 


2-Ethy 1- 1 -hexananol 


106.42439 


106.459 


0.00032 


C9H20O 


1-Nonanol 


118.50953 


118.521 


0.00010 




1-Decanol 


130.66723 


130.676 


0.00007 


C!2H2fiO 


1-Dodecanol 


154.98263 


154.984 


0.00001 


C16H34O 


1-Hexadecanol 


203.61343 


203.603 


-0.00005 



Table 1.11. The calculated and experimental total bond energies of ethers using closed-form 

equations having integers and fundamental constants only. 

• 1 



Calculated Experimental Relative Error 
Formula Name Total Bond Total Bond 

, Energy (eV) Energy (eV) 





Dimetbyl ether, 


32.84496 . 


32.902 


0.00174 


CaHgO 


Ethyl methyl ether 


45.19710 


45.183 


-0.00030 




Diethyl ether 


57.54924 


57.500 


-0.00086 


C«HioO 


Methyl propyl ether 


57.35480 


57.355 


0.00000 


C4H10O 


Isopropyl methyl ether 


57.45569 


57.499 


0.00075 


C6H 14 0 


Dipropyl ether 


81.86464 


81.817 


-0.00059 


C 6 H 14 0 


Disopropyl ether 


82.06642 


82.088 


0.00026 


CsHhO 


t-Butyl ethyl ether 


82.10276 


82.033 


-0.00085 


C 7 H lfJ 0 


t-Butyl isopropyl ether 


9436135 


94.438 


0.00081 


CsHisO 


Dibutyl ether 


106.18004 


106.122 


-0.00055 


CgHigO 


Di-sec-butyl ether 


106.38182 


106.410 


0.00027 




Di-t-butyl ether 


106.36022 


106.425 . 


0.00061 


CgHjgO 


t-Butyl isobuty! ether 


106.65628 


106.497 


-0.00218 



Table LI 2. The calculated and experimental total bond energies of 1° amines using closed- 
form equations having integers and fundamental constants only. 



Formula 


Name 


Calculated 
Total Bond 
Energy (eV) 


Experimental 
Total Bond 
Energy (eV) 


Relative Error 


CH 5 N 


Methylamine 


23.88297 


23.857 


-0.00110 


QH7N 


Ethylamine 


36.04067 


36.062 


0.00060 


C3H9N 


Propylamine 


48.19837 


48.243 


0.00092 


C 4 H n N 


Butylamme 


60.35607 


60.415 


0.00098 


C 4 H U N 


sec-Butylamine 


60.45696 


60,547 


0.00148 


C4H U N 


t-Butylamine 


60.78863 


60.717 


-0.00118 


C4H11N 


Isobutylamine 


60.42863 


60.486 


0.00094 
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Table 1.13. The calculated and experimental total bond energies of 2° amines using closed- 



form equations having integers and fundamental constants only. 







Calculated 


Experimental 


Relative Error 


Formula 


Name 


Total Bond 


Total Bond 








Energy (eV) 


Energy (eV) 




C 2 H 7 N 


Dimethylamine 


35.76895 


35.765 


-0,00012 


C4H11N 


Diethylamine 


60.22930 


60.211 


-0.00030 


C6H, 5 N 


Dipropylamine 


84.54470 


84.558 


0.00016 


C6H 15 N 


Diisopropylamine 


84.74648 


84.846 


0.00117 


CsHuN 


Dibutylamine 


108.86010 


108.872 


0.00011 


CgH 19 N 


Diisobutylamine 


109.00522 


109.106 


0.00092 



Table 1.14. The calculated and experimental total bond energies of 3° amines using closed- 
form equations having integers and fundamental constants only. 

„ Calculated Experimental Relative Error 

Formula . Name Total Bond Total Bond 

* ' Energy (e V) Energy (eV) 

. CyfyN Trimethylamine 47.83338 47.761 -0.00152 

CeHjsN Triethylamine 8430648 84.316 0.00012 

CJfciN Tripropylamine' 120.77958 120.864 0.00070 

« 

Table 1.15. The calculated and experimental total bond energies of aldehydes using closed- 
form equations having integers and fundamental constants only. 



™~ Calculated Experimental Relative Error 
Formula Name Total Bond Total Bond 
Energy (eV) Energy (eV) . 



CH z O 


Formaldehyde 


15.64628 


15.655 


0.00056 




Acetaldehyde 


28.18711 


28.198 


0.00039 


CjHeO 


Propanal 


40.34481 


40.345 


0.00000 


QHgO 


Butanal 


52.50251 


52.491 


-0.00022 


CAO 


Isobutanal 


52.60340 


52.604 


0.00001 


C 5 H l0 O 


Pentanal 


64.66021 


64.682 


0.00034 


C 7 H, 4 0 


Heptanal 


88.97561 


88.942 


-0.00038 


CgH, 6 0 


Octanal 


101.13331 


101.179 


0.00045 


C«H w O 


2-Ethylhexanal 


101.20587 


101.259 


0.00053 



Table 1.16. The calculated, and experimental total bond energies of .ketones using closed 



form equations having integers and fundamental constants only. 







Calculated 


Experimental 


Relative En 


Formula 


Name 


Total Bond 


Total Bond 








Energy (eV) 


Energy (eV) 




C 3 H60 


Acetone 


40.68472 


40.672 


-O.00031 


C 4 H 8 0 


2-Butanone 


52.84242 


52.84 


-0.00005 


CjHwO 


2-Pentanone 


65.00012 


64.997 


-0.00005 


CsH 10 O 


3-Pentanone 


65.00012 


64.997 


-0.00005 


CsH^O 


3-MetiryI-2-butanone 


65.10101 


65.036 


-0.00099 


C6H 12 0 


2-Hexanone 


77.15782 


77.152 


-0.00008 


CeHuO 


3-Hexanone 


77.15782 


77.138 


-0.00025 


CsH 12 0 


2-Methyl-3 -pentanone 


7725871 


77225 


-0.00043 




3,3-Dimethyl-2«butanone 


7729432 


77273 


-0.00028 


C^HmO 


3-Heptanone 


89.31552 


89287 


-0.00032 


C7H 14 0 


4-Heptanone 


89.31552 


89299 


-0.00018 




2 > 2-DimethyI-3-pentanone 


89.45202 


89.458 


0.00007 
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Formula 


Name 


Total Bond 
Energy (eV) 


Experimental 
Total Bond 
Energy feV) 


Relative brror 


C 7 H M 0 


2,4-Dimethyl-3-pentanone 


89.51730 


89.434 


-0.00093 


CsH 16 0 


2^ J 4-Trimethyl-3-pentanone 


101.71061 


101.660 


-0.00049 


CpHigO 


2-Nonanone 


113.63092 


113.632 


0.00001 




5-Nonanone 


113.63092 


113.675 


0.00039 


C9H18O 


2 s 6-Dimethyl-4-heptanone 


113.77604 


113.807 


0.00027 



Table 1.17. The calculated and experimental total bond energies of carboxylic acids using 
closed-form equations having integers and fundamental constants only. 







Calculated 


Experimental 


Relative Error 


Formula 


Name 


Total Bond 
Energy (eV) 


Total Bond 
Energy (eV) 




CH 2 02 


Formic acid 


21.01945 


21.036 


0.00079 


CzHA 


Acetic acid 


33.55916 


33.537 


-0.00066 




Propanoic acid 


. 45.71686 


45.727 


0.00022 




Butanoic acid 


57.87456 


57.883 


0.00015 . 


C5H10O2 . 


Pentanoic acid . . 


70.03226 . 


69.995 


-0.00053 


C5H10O2 


3-Methylbutanoic acid 


70.10482 


70.183 


0.00111 


C5H10O2 


2,2-Dimethylpropanoic acid 


70.31679 


69.989 


-0.00468 


C6H12O2 


Hexanoic acid 


82.18996 


82.149 


-0.00050 


C7H14O2 


Heptanoic acid 


94.34766 


94.347 


0.00000 


C8H^0 2 


Octanoic acid 


106.50536 


106.481 


-0.00022 


CgHi80 2 


Nonanoic acid 


118.66306 


118.666 


0.00003 


C10H20O2 


Decanoic acid 


130.82076 


130.795 


-0.00020 


C12H24O2 


Dodecanoic acid 


155.13616 


155.176 


0.00026 


C14H28O2 


Tetradecanoic acid 


179.45156 


179.605 


0.00085 


C l5 H3o0 2 


Pentadecanoic acid 


191.60926 


191.606 


-0.00002 


C16H32O2 


Hexadecanoic acid 


203.76696 


203.948 


0.00089 


C18H36O2 


Stearic acid 


228.08236 


228.298 


0.00094 


C20H40O2 


Eicosanoic acid 


252.39776 


252.514 


0.00046 



Table 1.18. The calculated and experimental total bond energies of carboxylic acid esters 
using closed-form equations having integers and fundamental constants only. 



Formula 



Name 



C2H4Q2 


Methyl formate 


C 3 H 6 02 


Methyl acetate 


C6H12O2 


Methyl pentanoate 




Methyl hexanoate 


CgHi6p2 


Methyl heptanoate 


C9H W 02 


Methyl octanoate 


CI0H20O2 


Methyl nonanoate 


C11H2202 


Methyl decanoate 


CI2H2402 


Methyl undecanoate 


C13H2602 


Methyl dodecanoate 


CI4H2802 


Methyl tridecanoate 


C15H30O2 


Methyl tetradecanoate 


C16H3202 


Methyl pentadecanoate 


C4H802 


Propyl fonnate 


C4H802 


Ethyl acetate 


C5H10O2 


Isopropyl acetate 


C5H10O2 


Ethyl propanoate 


C6H1202 


Butyl acetate 


QH1202 


t-Butyl acetate 



Calculated 
Total Bond 
Energy (eV) 



32.71076 
45.24849 
81.72159 
93.87929 
106.03699 
118.19469 
130.35239 
142.51009 
154.66779 
166.82549 
178.98319 
191.14089 
203.29859 
57.76366 
57.63888 
69.89747 
69.79658 
81.95428 
82.23881 



Experimental 
Total Bond 
Energy (eV) 



Relative Error 



32.762 
45.288 
81.726 
93.891 
106.079 
118.217 
130.373 
142.523 
154.677 
166.842 
179.000 
191.170 
203.356 
57.746 
57.548 
69.889 
69.700 
81.873 
82.197 



0.00156 
0.00087 
0.00005 
0.00012 
0.00040 
0.00018 
0.00016 
0.00009 
0.00006 
0.00010 
0.00009 
0.00015 
0.00028 
-0.00030 
-0.00157 
-0.00013 
-0.00139 
-0.00099 
-0.00051 
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Calculated 


Experimental 


Relative Error 


Formula 


Name 


Total Bond 


1 otal Bond 








Energy (ev) 


bnergy (ev) 






Methyl 2,2-dimethylpropanoate 


82.00612 


81.935 


-0.00087 




Ethyl pentanoate 


94.11195 


94.033 


A AAAO A 

-0.00084 


C7H14O2 


Etnyi J-metnyioUtanoate 


a A 1 &A<A 


OA oso 


U.UUU I L 


C7H14O2 


Ethyl 2,2-dimethylpropanoate 


94.39651 


94.345 


-0.00054 


C 8 Hl602 


Isobutyl isobutanoate 


106.44313 


106.363 


-0.00075 


CgHi602 


Propyl pentanoate 


106.26968 


106.267 


-0.00003 


C 8 Hi60 2 


Isopropyl pentanoate 


106.37057 


106.384 


0.00013 


C9HI802 


Butyl pentanoate 


118.42738 


118.489 


0.00052 


C9H1802 


sec-Butyl pentanoate 


118.52827 


118.624 


0.00081 


C9H 18 0 2 


Isobutyl pentanoate 


118.49994 


118.576 


0.00064 



Table 1.19. The calculated and experimental total bond energies of amides using closed-form 
equations having integers and fundamental constants only. 



Formula 



Name 



Calculated 
Total Bond 
Energy (eV) 



Experimental 
Total Bond 
Energy (eV) 



Relative Error 



CH3NO 

C 2 H 5 NO 

C^NO 

C4H9NO 

C4H9NO 

CjHnNO 

CsHnNO 

CsH ]3 NO 

C a H 17 NQ 



Fonnamide 

Acetamide 

Propanamide 

Butanamide 

2-Methylpropanamide 

Pentanamide 

2,2-Dimethylpropanamide 

Hexanamide 

Octanamide 



23.68712 
36.15222 
48.30992 
60.46762 
60.51509 
72.62532 
72.67890 
84.78302 
109.09842 



23.697 
36.103 
48.264 
60.449 
60.455 
72.481 
72.718 
84.780 
109.071 



0.00041 

-0.00135 

-0.00094 

-0.00030 

-0.00099 

-0.00200 

0.00054 

-0.00004 

-0.00025 



Table 1.20. The calculated and experimental total bond energies of N-alkyl and N,N-dialkyl 
amides using closed-form equations having integers and fundamental constants only. 



Formula 



Name 



Calculated 
Total Bond 
Energy (e V) 



Experimental 
Total Bond 
Energy (e V) 



Relative Error 



C3H7NO 
C4H9NO 



N,N-Dimethylformamide 
N,N-Dimethylacetamide 
N-Butylacetamide 



47.53142 
59.91404 
84.63649 



47.574 
59.890 
84.590 



0.00090 
-0.00041 
-0.00055 



Table 1.21. The calculated and experimental total bond energies of urea using closed-form 
equations having integers and fundamental constants only. 



Formula 



Name 



CH4N 2 Q Urea 



Calculated 
Total Bond 
Energy (eV) 



Experimental Relative Error 
Total Bond 
Energy (eV) 



31.35919 



31.393 



0.00108 



Table 1 .22. The calculated and experimental total bond energies of acid halide using closed- 
form equations having integers and fundamental constants only. 



Formula 



Name 



Calculated 
Total Bond 
Energy (eV) 



Experimental Relative Error 
Total Bond 

Energy (eV) 
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Table 1.23. The calculated and experimental total bond energies of acid anhydrides using 
closed-form equations having integers and fundamental constants only. 

.. | . _. . ^^^^^M^^^^^^^^^^^^^^^^^^ 

Calculated Experimental Relative Error 
Formula Name Total Bond Total Bond 

Energy (eV) Energy (eV) 

CAO* Acetic anhydride 56.94096 56.948 0.00013 
QHioOa Propanoic anhydride 8125636 81.401 0,00177 

Table 1 .24. The calculated and experimental total bond energies of nitriles using closed-form 



equations having integers and fundamental constants only. 







Calculated 


Experimental 


Relative Error 


Formula 


Name 


Total Bond 


Total Bond 








Energy (eV) 


Energy (eV) 




C2H3N 


Acetonitrile 


25.72060 


25.77 


0.00174 


CjHsN 


Propanenitrile 


37.87830 


37.94 


0.00171 


C4H 7 N 


Butanenitrile . 


50.03600 


50.08 


0.00082 




2-Metbylpropanenitrile • 


50.13689 


50.18 


0.00092 




Pentanenitrile 


62.19370 


62.26 


0.00111 


C5H9N 


2,2-Dimethylpropanenitrile 


62.47823 


62.40 


-0.00132 


C7H13N 


Heptanenitrile 


86.50910 


86.59 


0.00089 


CgHtfN 


Octanenitrile 


98.66680 


98.73 


0.00069 


C 10 H 19 N 


Decanenitrile 


122.98220 


123.05 


0.00057 


C I4 H 27 N 


Tetradecanenitrile 


171.61300 


171.70 


0.00052 



Table 1.25. The calculated and experimental total bond energies of thiols using closed-form 
equations having integers and fundamental constants only. 







Calculated 


Experimental 


Relative Error 


Formula 


Name 


Total Bond 
Energy (eV) 


Total Bond 
Energy (eV) 




HS 


Hydrogen Sulfide 


3.77430 


3.653 


-0.03320 


H 2 S 


Dihydrogen Sulfide 


7.56058 


7.605 


0.00582 


CH4S 


Metihanethiol 


19.60264 


19.575 


-0.00141 




Ethanethiol 


31.76034 


31.762 


0.00005 


CsHgS 


1 -Propanethiol 


43.91804 


43.933 


0.00035 


CsHgS 


2-Propanethiol 


44.01893 


44.020 


0.00003 


C4H10S 


1-Butanethiol 


56.07574 


5&089 


0.00024 


C4H10S 
C4H10S 


2-Butanethiol 


56.17663 
56.14830 


56.181 
56.186 


0.00009 
0.00066 


2-Methy I- 1-propanethiol 


C4H10S 


2-Methyl-2-propanethiol 


56.36027 


56.313 


-0.00084 


C5H12S 


2-Merhyl- 1 -butanethiol 


68.30600 


68.314 


0.00012 


C5H12S 


1-Pentanethiol 


6823344 


68.264 


0.00044 


C5H12S 


2-Methyl-2-butanethiol 


68.51797 


68.441 


-0.00113 


C5H12S 


3-Methyl-2-butanethiol 


68.31552 


68.381 


0.00095 


C5Hi 2 S 


2,2-Dimethy I- 1 -propanethiol 


68.51797 


68.461 


-0.00084 


C6H 14 S 


1-Hexanethiol 


80.39114 


80.416 


0.00031 


C^H^S 


2-Methyl-2-pentanethioI 


80.67567 


80.607 


-0.00085 


C^H^S 


2,3-Dimethyl-2-butanethiol 


80.71992 


80.603 


-0.00145 


C7H16S 


1-Heptanethioi 


92.54884 


92.570 


0.00023 


. C J0H22S 


1-Decanethiol 


129.02194 


129.048 


0.00020 
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Table 1.26. The calculated and experimental total bond energies of sulfides using closed- 
form equations having integers and fundamental constants only. 



Formula 




Calculated 


Pirn*»r itnpnta 1 
i^Aj^vi uiiwiiiai 


1? plofii/o Xh t- 
XvclallYC/ J_J 


Name 


Total Bond 
Rnerffv ( et\P\ 


Total RnnH 






Dimethvl sulfide 




^1 A79 


A AAA/1 C 

U.UUU46 




Ethvl methvl sulfide 

wUAT J JUULWU& T J, (JUEJkJViV 


43 R143R 

*t J.O 1*T_> O 


A 0 ! JMQ 


A AAA*7<? 




Diethvl sulfide 


^ A 79ftR 




A AA 1 OiC 




Methvl oroDvl sulfide 




5£ fY?Q 


A A A 1 AO 




IsodtodvI methvl sulfide 


56 079Q7 


56 1 15 
JO. 1 ID 


A AAA*7£ 




Butvl methvl sulfide 


/;« 10070 


Do. Loj 


A AAAO 1 


W A. mm 


t-Butyl methyl sulfide 


68 28245 


68 3R1 




C5H12S 


Ethyl propyl sulfide 


68.12978 


68.210 


0.00117 


C5H12S 


Ethyl isopropyl sulfide 


68.23067 


68.350 


0.00174 


CgH^S 


Diisopropyl sulfide 


80.48926 


80.542 


0.00065 


C5H14S 


Butyl -ethyl sulfide 


80.28748 


80.395 


0.00133 


C5H14S 


Methyl pentyl sulfide 


80.28748 


80.332 


0.00056 


CgHjgS 


Dibutyl sulfide 


104.60288 


104.701 


0.00094 


CgHjgS 


Di-sec-butyl sulfide 


104.80466 


104.701 


-0.00099 




Di-t-butyl sulfide 


104.90822 


104.920 


0.00011 


CgHigS 


Diisobutyl sulfide 


104.74800 


104.834 


0.00082 


C10H22S 


Ethyl propyl sulfide 


128.91828 


128.979 


0.00047 


C10H22S 


Diisopentyl sulfide 


129.06340 


129.151 


0.00068 



Table 1 .27. The calculated and experimental total bond energies of disulfides using closed- 

♦ 

form equations having integers and fundamental constants only. 



Formula 

C2H5S2 

C4H10S2 

C6H14S2 

C&H18S2 



Name 



Dimethyl disulfide 
Diethyl disulfide 
Dipropyl disulfide 
Di-t-butyl disulfide 



Calculated 
Total Bond 
Energy (eV) 



34.48127 
58.79667 
83.11207 
107.99653 



Experimental Relative Error 
Total Bond 

Energy (eV) 



34.413 
58.873 
83.169 
107.919 



-0.00199 
0.00129 
0.00068 
-0.00072 



Table 1 .28. The calculated and experimental total bond energies of sulfoxides using closed- 
form equations having integers and fundamental constants only. 



Formula 



Name 



C 2 H6SO 

C4H 10 SO 

CfiHuSO 



Dimethyl sulfoxide 
Diethyl sulfoxide . 
Dipropyl sulfoxide 



Calculated 
Total Bond 
Energy (eV) 



35.52450 
59.83990 
84.15530 



Experimental Relative Error 
Total Bond 

Energy (eV) 



35.435 
59.891 
84.294 



-O.00253 
0.00085 
0.00165 



Table 1.29. The calculated and experimental total bond energies of sulfones using closed- 
form equations having integers and fundamental constants only. 



Formula 



Name 



C 2 H 6 SQ2 Dimethyl sulfone 



Calculated 
Total Bond 
Energy (eV) 



40.27588 



Experimental Relative Error 
Total Bond 

Energy (eV) 



40.316 



0.00100 



i 
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Table 1.30. The calculated and experimental total bond energies of sulfites using closed-form 
equations having integers and fundamental constants only. 



Formula 



Name 



C 2 H6S0 3 
C4H10SO3 



Dimethyl sulfite 
Diethyl sulfite 
Dibutyl sulfite 



Calculated 
Total Bond 
Energy (eV) 



43.95058 
68.54939 
117.18019 



Experimental Relative Error 
Total Bond 

Energy (eV) 



44.042 
68.648 
117.191 



0.00207 
0.00143 
0.00009 



Table 1.31. The calculated and experimental total bond energies of sulfates using closed- 
form equations having integers and fundamental constants only. 



Formula 



Name 



C2H^S04 
C4H10SO4 



Dimethyl sulfate 
Diethyl sulfate 
Dipropyl sulfate 



Calculated 
Total Bond 
Energy (eV) 



48.70617 
73.30077 
97.61617 



Experimental Relative Error 
Total Bond 

Energy (eV) 



48.734 
73.346 
97.609 



0.00058 
0.00061 
-0.00008 



Table 1.32. 
closed-form 



The calculated and experimental total bond energies of nitro alkanes using 

■ 

» 

equations having integers and fundamental constants only. 



Formula 


Name 


Calculated 
Total Bond 
Energy (eV) 


Experimental 
Total Bond 
Energy (eV) 


Relative Error 


CH 3 N0 2 

C2H5N02 

CyfyNOz 
C3H 7 N0 2 
GtHsNOz 

C4H 9 N0 2 
QHnNOa 


Nitromethane 
Nhroethane 

1- Nitropropane 

2- Nitropropane 

1- Nitrobutane 

2- Nitroisobutane 
1-Nitropentane 


25.14934 
37.30704 
49.46474 
49.56563 
61.62244 
61.90697 
73.78014 


25.107 
37.292 
49.451 
49.602 
61.601 
: 61.945 
73.759 


-0.00168 

-0.00040 

-0.00028 

0.00074 

-0.00036 

0.00061 

-0.00028 



Table 1.33. The calculated and experimental total bond energies of nitrite using closed-form 
equations having integers and fundamental constants only. 



Formula 



Name 



CH3NQ 2 Methyl nitrite 



Calculated 
Total Bond 
Energy (eV) 



24.92328 



Experimental Relative Error 
Total Bond 

Energy (eV) 



24.955 



0.00126 



Table 1.34. The calculated and experimental total bond energies of nitrate using closed-form 
equations having integers and fundamental constants only. 



Formula 



Name 



Calculated 
Total Bond 
Energy (eV) 



Experimental Relative Error 
Total Bond 

Energy (eV) 



CH3NO3 
QH5NO3 
QHtNOj 
C3H 7 NQ 3 



Methyl nitrate 
Ethyl nitrate 
Propyl nitrate 
Isopropyl nitrate 



28.18536 
40.34306 
52.50076 
52.60165 



28.117 
40.396 
52.550 
52.725 



-0.00244 
0.00131 
0.00093 
0.00233 
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Table 1.35. The calculated and experimental total bond energies of conjugated alkenes using 
closed-form equations having integers and fundamental constants only. 



Formula 


Name 


Calculated 
Total Bond 
Energy (eV) 


Experimental 
Total Bond 
Energy ( e\0 


Relative Error 


C3H8 
C4H6 
CsHg 
C5H8 
C5H6 


Cyclopentene 
1,3 Butadiene 
1,3 Pentadiene 
l,4Pentadiene 
1,3 Cyclopentadiene 


54.83565 
42.09159 
54.40776 
54.03745 
49.27432 


54.86117 
42.12705 
54.42484 
54.11806 
49.30294 


0.00047 
0.00084 
0.00031 
0.00149 
0.00058 



Table 1.36. The calculated and experimental total bond energies of aromatics and 
heterocyclic aromatics using closed-form equations having integers and fundamental 
constants only. 



Formula 



Name 



Calculated 
Total Bond 



Experimental 
Total Bond 





Benzene 


57.26008 


57.26340 


C«H S C1 


Chlorobenzene 


56.55263 


56.581 


C5H4CI2 


m-dichlorobenzene 


55.84518 


55.852 


C6H3CI3 


1 ,2,3-trichlorobenzene 


55.13773 


55.077 


C6H3CI3 


1 ,3,5-trichlorbenzene 


55.29542 


55.255 


C 6 C1 6 


Hexachlorobenzene 


52.57130 


52.477 


C 6 H 5 N02 


Nitrobenzene 


65.18754 


65.217 


C7H8 


Toluene 


69.48425 


69.546 


0 tt r\ 


Benzoic acid 


73.76938 


73.762 


CyHsClOz 


2-chlorobenzoic acid 


73.06193 


73.082 


C 7 H5CI0 2 


3-chlorobenzoic acid 


73.26820 


73.261 


C 7 H 5 C10 2 


4-chlorobenzoic acid 


73.26820 


73.247 


CJ^N 


Aniline 


64.43373 


64.374 


C7H9N 


2-methylaniline 


76.62345 


76.643 


C7H9N 


3-methylaniline 


76.62345 


76.661 


C7H9N 


4-methylaniline 


76.62345 


76.654 


QiBkNzOz 


2-nitroaniline 


72.47476 


72.424 


C6H 6 N 2 02 


3-nitroaniline 


72.47476 


72.481 


Cfil^NzOz 


4-nitroaniline 


72.47476 


72.476 


CtHtNOz 


Amlirie-2-carboxylic acid 


80.90857 


80.941 


C7H 7 N0 2 


Aniline-3-carboxylic acid 


80.90857 


80.813 


C 7 H 7 N0 2 


Aniline-4-carboxylic acid 


80.90857 


80.949 


C^O 


Phenol 


61.75817 


61.704 


CgHjNzOs 


2,4-diiiitrophenol 


77.61308 


77.642 


CgHgO 


Anisole 


73.39006 


73.355 




Naphthalene 


90.74658 


90.79143 


C4H5N 


Pyrrole 


44.81090 


44.785 


C4H4O 


Furan 


41.67782 


41.692 


C4H4S 


Thiophene 


40.42501 


40.430 


CsHtNj 


Imidazole 


39.76343 


39.74106 


C5H5N 


Pyridine 


51.91802 


51.87927 


C 4 H4N 2 


Pyrimidine 


46.57597 


46.51794 


C 4 H4N 2 


Pyrazine 


46.57597 


46.51380 


C 9 H 7 N 


Quinoline 


85.40453 


85.48607 


C 9 H 7 N 


Isoquinoline 


85.40453 


85.44358 


C 8 H 7 N 


Indole 


78.52215 


78.514 


C5H5N5 


Adenine 


70.83735 


70.79811 



Relative Error 



0.00006 

0.00051 

0.00012 

-0.00111 

-0.00073 

-0.00179 

0.00046 

0.00088 

-0.00009 

0.00027 

-0.00010 

-0.00028 

-0.00093 

-0.00025 

0.00050 

0.00040 

-0.00070 

-0.00009 

-0.00002 

0.00041 

-0.00118 

0.00050 

-0.00087 

0.00037 

-0.00047 

0.00049 

-0.00057 

0.00033 

0.00013 

-0.00056 

-0.00075 

-0.00125 

0.00095 

0.00178 

0.00046 

-0.00010 

-0.00055 
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Section VI 
Software Program 

The present invention relates to a system of computing and rendering the nature of at 

5 least one specie selected from a group of diatomic molecules having at least one atom that is 
other than hydrogen, polyatomic molecules, molecular ions, polyatomic molecular ions, or 
molecular radicals, or any functional group therein, comprising physical, Maxwellian solutions 
of charge, mass, and current density functions of said specie, said system comprising: 
processing means for processing physical, Maxwellian equations representing charge, mass, 

10 and current density functions of said specie; and an output device in communication with the 
processing means for displaying said physical, Maxwellian solutions of charge, mass, and 
current density functions of said specie. 

In one embodiment, for example, the system comprises five components: (1) the 
graphical user interface (GUI); (2) the routine for parsing between an input chemical structure 

1 5 or name and taking the input and activating a routine to call up the parts of the molecule 
(functional groups), which are used for determining the energies and structure to be rendered; 
(3) the functional-group data base that has an organization of the theoretical solutions; (4) the 
rendering engine, which calculates and enables manipulations of the image, such as a three- 
dimensional model in response to commands, as well as responds to commands for data 

20 parameters corresponding to the image such as bond energies and charge distribution and 
geometrical parameters; and (5) data transfer system for inputting numerical data into or out of 
the computational components and storage components of the main system- The system 
further comprises spreadsheets with solutions of the bond parameters with output in any 
standard spreadsheet format. The system also comprises a data-handling program to transfer 

25 data from the spreadsheets into the main program. 

The output may be, for example, at least one of graphical, simulation, text, and 
numerical data. The output may be the calculation of at least one of: (1) a bond distance 
between two atoms; (2) a bond angle between three of the atoms; (3) a bond energy between 
two atoms; (4) orbital intercept distances and angles; and (5) charge-density functions of 

30 atomic, hybridized, and molecular orbitals, wherein the bond distance, bond angle, and bond 
energy are calculated from physical solutions of the charge, mass, and current density 
functions of atoms and atomic ions, which solutions are derived from Maxwell's equations 
using a constraint that a bound electron(s) does not radiate under acceleration. 
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In other embodiments, the charge, current, energy, and geometrical parameters are 
output to be inputs to other programs that may be used in further applications. For example, 
the data of heats of formation may be input to another program to be used to predict stability 
(existence of compounds) equilibrium constants and to predict synthetic pathways. That is, a 
5 novel composition of matter may be discovered by calculating at least one of a bond distance 
between two of the atoms, a bond angle between three of the atoms, and a bond energy 
between two of the atoms, orbital intercept distances and angles, charge-density functions of 
atomic, hybridized, and molecular orbitals, the bond distance, bond angle, and bond energy 
being calculated from physical solutions of the charge, mass, and current density functions of 

10 atoms and atomic ions, which solutions are derived from Maxwell's equations using a 

constraint that a bound electron(s) does not radiate under acceleration. The charge and current 
density functions may be used to predict the electric and magnetic fields of the species to 
detennine other properties due to the interaction of the fields between species. These fields 
and the predictions of field interactions may be computed using Maxwell's equations. In one 

1 5 embodiment, finite-element analysis is used to predict or calculate the interaction and resulting 
properties, such as the freezing point, boiling point, density, viscosity, and refractive index. 
Furthermore, the output data can be used to give thermodynamic, spectroscopic, and other 
properties, aid in drug design and other applications with or without direct visualization. 
Furthermore, the data can be input into other programs of the system, which calculate 

20 thermodynamic and other properties, or performs a simulation, such as a chemical reaction or 
molecular dynamics. 

The output data may be used to predict a composition of matter comprising a plurality 
of atoms, the improvement comprising a novel property or use discovered by calculation of at 
least one of a bond distance between two of the atoms, a bond angle between three of the 
25 atoms, and a bond energy between two of the atoms, orbital intercept distances and angles, 
charge-density functions of atomic, hybridized, and molecular orbitals, the bond distance, bond 
angle, and bond energy being calculated from physical solutions of the charge, mass, and 

■ 

current density functions of atoms and atomic ions, which solutions are derived from 
Maxwell's equations using a constraint that a bound electron(s) does not radiate under 
30 acceleration. The novel property, for example, may be a new pharmaceutical use, or stability 
at room temperature of a novel arrangement of atoms or ions. 

In one embodiment, the output device of the system is a display that displays at least 

* ■ * * 

one of visual or graphical media. The display may be at least one of static or dynamic. At 
least one of vibration, rotation, and translation may be displayed. The displayed information 
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may be used for at least one of modeling reactivity, predicting physical properties, and aiding 
in drug and material design. The output device may be a monitor, video projector, printer, or 
one-, two- or three-dimensional rendering device. The displayed information may be used to 
model other molecules and provides utility to anticipate their reactivity and physical properties. 
5 Additionally, data may be output and used in the same and additional applications as the 
rendered models and representations of the calculated physical solutions. The processing 
means of the system may be a general-purpose computer. The general-purpose computer may 
comprise a central processing unit (CPU), one or more specialized processors, system memory, 
a mass storage device such as a magnetic disk, an optical disk, or other storage device, an input 

1 0 means. The input means may comprise a serial port, USB port, microphone input, camera 
input, keyboard or mouse. The processing means comprises a special purpose computer or 
other hardware system. The system may comprise computer program products such as 
computer readable medium having embodied therein program code means. The computer 
readable media may be any available media which can be accessed by a general purpose or 

15 special purpose computer. The computer readable media may comprise, for example, at least 
one of RAM, ROM, EPROM, CD ROM, DVD or other optical disk storage, magnetic disk 
storage or other magnetic storage devices, or any other medium that can embody the desired 

program code means and which can be accessed by a general purpose or special purpose 

•• • * 

computer. The program code means may comprise executable instructions and data, which 
20 cause a general purpose computer or special purpose computer to perform a certain function of 
a group of functions. Commercial examples of suitable program language includes, for 
example, C++, C, JAVA, FORTRAN, Python and Assembly Languages, programmed with an 
algorithm based on the physical solutions, and the computer may be a PC, mainframe, 
supercomputer, or cluster of computers. Commercial examples of suitable programs include, 
25 for example, APIs like OpenGL, DirectX, FOX GUI toolkit, and Qt. This program may be 
developed to run on at least one of operating systems like Windows XP, Windows 2000, 
Windows Vista, MAC OS, MAC OS X, Linux, Unix, Irix and other Unix-type operating 
systems. 

Millsian software is designed to render 3-D models of molecules, molecular ions, 
30 molecular radicals, functional groups thereof, and related structure and property information 
and produce useful data output and application of the parameters of these species, wherein the 
nature of their bound electrons and chemical bonds are solved using Dr. Randell L. Mills' 
Classical Quantum Mechanics theory described in the reference: R. L. Mills, "The Grand 
Unified Theory of Classical Quantum Mechanics", June 2006 Edition, Cadmus Professional 
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Communications-Science Press Division, Ephrata, PA, ISBN 0963517171, Library of 
Congress Control Number 2005936834; posted at 

http://ww.blacklightpower.com/bookdownload.shtml, which is incorporated by this reference 
in its entirety. Figure 76 provides a flow chart diagram, which is an example of a software 
5 system that can be utilized for this purpose, which example is not intended to limit the scope of 
the disclosed inventions. The main parts of this exemplary software system illustrated in 
Figure 76 will now be further explained: 

Start: A user can start the program by running an executable program file. That might 
10 be done, for example, by double clicking the program icon on a Windows-based operating 
system, or typing the name of the executable file on the command line and pressing the 'Enter 5 
key on a Linux or Unix operating system. The program initially starts by reading data files 

i, * • * i , 1 * * ♦ 

located in specific directories. The names of those directories and locations are fixed 
according to the type and format of the data files. 

1 5 Data files: There are two types of data files used in the software system: functional 

group data files and molecule data files. Functional group data files contain information about 
various functional groups. Functional groups are the basic bonding elements or units that each 
typically comprise an atom, or at least two atoms bound together as found within a molecule 
(e.g. -CI , C=C, OO, CH3). Functional groups typically dictate or define properties and 

20 structure of the molecule. Similar functional groups in different molecules typically react in 
similar ways when subjected to a particular set of reaction conditions. Molecule data files 
contain information about molecules, molecular ions, and molecular radicals. These data files 
are processed {according to their file formats. 

File formats: Millsian software employs two kinds of file formats for storing 

25 information about the structure, energies and names of molecules and functional groups: raw- 
data format and hierarchical format. In a raw-data file, all information is stored as is, below 
the header describing the type of information. As shown in the Table below, for example, the 
names of the molecule or functional group are listed below the #NAMES header. The names 
and positions of the atoms are listed below the #ATOMS header, and so on. 
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#NAMES 








CH3 








Alkane CH3 








#SMILES 








C- 








#ATOMS 








1 C 0 


0 


0 




2 H 1.9775 


-0.698 


A 
U 




3 H -0.9888 


-0.698 


1.712 


4 H -0.9888 


-0.698 


-1.712 


#AO 








1 1 Is 0.171 


2 






2 1 2sp3 0.864 

* * 


-1 


- 




#bonds 






- 


1 ' 12 1 


1.649 






2 13 1 


1.649 




- 


3 14 1 


1.649 






#BONDAXES 








111. 


90 


0 


o 


#DATA 








RCH bond angle: 109 


.44° 






CH bond length: 2.097 a 






HFORM: 12.492 









Most of the functional groups files and some simple molecule files are stored in raw 

♦ 

data format The other file format used with the Millsian software system, the hierarchical file 

format, represents the information in a graph style, in which nodes are connected to other 
25 nodes through links. This format is designed to construct molecules by attaching different 

functional groups in a desired manner. Using this file format, the user can construct complex 

molecules built from solved functional groups. 

For example, as shown in the Table below, the pentane data file includes a #GROUPS 

header below which is list all of the functional groups that form a part of the pentane molecule. 
30 Under the #GROUPJLINKS header is information about how these functional groups are 

connected to each other to construct pentane. 
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#GR0UP LINKS 




1 11 21 


180 


2 22 3 1 


180 


3 32 41 


180 


4 42 51 

* 


180 



1 5 Processing data files: As further shown in the flow diagram of Figure 76 for the 

exemplary Millsian software system, the program first processes the functional group data file 
and constructs the functional-group objects, which are complete 3-D representations of the 
functional groups and their related information supplied in the corresponding file. These 
objects are then ready to be visually displayed through use of a molecule viewer. Next, the 

20 program processes the molecule data file. If the molecule date file is in raw-data format, then 
the program makes a molecule object directly from it. If the file is in hierarchical format, then 
the program calculates geometric parameters from listed functional groups. The program 
stores all functional-group objects and molecule objects using internal data structures. 



25 Visualization/ User Interactions: As shown in Figures 77 and 78, the molecule viewer 

displays the functional-group objects and molecule objects and provides basic interaction 
capabilities with the displayed objects, such as rotating, scaling, and moving the objects. The 
molecule viewer also provides other visualization options, such as viewing molecules in wire 
frame mode, viewing coordinate axes, and changing of the transparency and lighting. The 

30 user, for example, can also select parts of a molecule for visualization, like a nucleus, atomic 
orbital, molecular orbital, or bond axis. The viewer also includes a drop down information 
window, which provides, for example,' related information about molecules, such as bond 
angles, component functional groups, and total heat of formation. In one embodiment, a user 
can create new molecules by joining functional groups. For this purpose, the user can select a 
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first functional group. Next, the user can select an open bond from the functional group where 
the user desires to attach another group. Next, the user can select another or the same 
functional group, followed by selecting an open bond from the other group. The user can join 
the two selected functional groups at the selected open bonds by clicking on * Join Groups'. 
5 This method of joining functional groups at open bonds can be repeated to form the desired 
molecule. 

SMILES input: The Simplified Molecular Input Line Entry Specification or SMILES is 
a specification for unambiguously describing the structure of chemical molecules using short 
ASCII strings. Through the user interface, a user can enter SMILES to construct molecules, 
10 provided the new molecule comprises functional groups that are in the database. Once a 
SMILES is entered, a parser reads in and breaks it down into component functional groups. 

The software system then attaches the component functional groups to create the new molecule 

■- 

object, which can then be viewed using the molecule viewer. 

While the claimed invention has been described in detail and with reference to specific 
1 5 embodiments thereof, it will be apparent to one of ordinary skill in the art that various changes 
and modifications can be made to the claimed invention without departing from the spirit and 
scope thereof. 
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CONTINUOUS-CHAIN ALKANES (C n H 2n+2 , h=3,4,5...oo) 

The continuous-chain alkanes, C n H 2rt+2 , are the homologous series comprising terminal methyl 
groups at each end of the chain with n - 2 methylene (CH 2 ) groups in between: 

CH 3 [CH 2 )^CH 3 (15.109) 
5 C H~ . , can be solved using the same principles as those used to solve ethane and ethylene 

ft 2/1+2 

wherein the 2.y and 2/7 shells of each C hybridize to form a single 2sp* shell as an energy 

minimum, and the sharing of electrons between two C2sp* hybridized orbitals (HOs) to form a 
molecular orbital (MO) permits each participating hybridized orbital to decrease in radius and 
energy. Three H AOs combine with three carbon 2sp* HOs and two H AOs combine with 

10 two carbon 2sp 3 HOs: to form each methyl and methylene group, respectively, where each bond 
comprises a H 2 -type MO developed in the Nature of the Chemical Bond of Hydrogen- Type 
Molecules and Molecular Ions section. The CH 3 and CH 2 groups bond by forming H 2 -type 
MOs between the remaining C2sp 3 HOs on the carbons such that each carbon forms four bonds 
involving its four C2sp 3 HOs. For the alkyl C-C group, E T (atom- atom > msp 3 AO} is 

15 -1.85836 eV where both energy contributions are given by Eq. (14.513). It is based on the 
energy match between the C2sp 3 HOs of the chain comprising methylene groups and terminal 
methyl groups. 

• • • . • • .... ■ _ . 

The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. 

(15.6-15.11) and (15.17-15.56)) parameters of straight-chain alkanes are given in Tables 15.4, 

20 15.5, and 15.6, respectively. The total energy of each straight-chain alkane given in Table 15.7 

A 

was calculated as the sum over the integer multiple of each E D (cmup) of Table 15.6 

corresponding to functional-group composition of the molecule. The bond angle parameters of 
straight-chain alkanes determined using Eqs. (15.79-15.108) are given in Table 15.8. In this 
angle table and those given in subsequent sections when c' is given as the ratio of two values of 

25 c 2 designated to Atom 1 and Atom 2 and corresponding to E C()Uhmb(c of Atom 1 and Atom 2, 

c 2 [Atom 2) 



respectively, then c' ~ , 

2 c 2 {Atom\) 
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Table 15.6. The energy parameters (eV) of functional groups of straight-chain alkanes. 
Parameters 



C-C 
Group 



1 



"2 



CH 3 
Group 



CH 2 
Group 



1 



0.5 



0.75 



1 



1 



1 



1 



0.91771 



0.91771 



0.75 



1 



1 



0.91771 



0 



0 



1 



0 



0.5 



0.75 



1 



1 



0.75 



'2o 



1 



1 



1 



VAeV) 



-28.79214 



-107.32728 



V p (eV) 



9.33352 



38.92728 



-70.41425 



25.78002 



T {eV) 



6.77464 



y m W 



-3.38732 



E(miho) (eV) 



-15.56407 



EJaoiho) (eV) 



-15.56407 



E Jh 7 mo) (eV) 



-31.63537 



E T {atom-atom,msp\Ad) (eV) -1.85836 



E r (m) (eV) 



-33.49373 



fi) (l0 ,s rod Is) 



9.43699 



JE r (eV) 



6.21159 



E D (eV) 



-0.16515 



'Krih 



(eV) 



0.12312 [2] 



E (eV) 

on* v ' 



-0.10359 



E. (eV) 



0.14803 



E T {(j-m- P ) (eV) 



-33.59732 



-14.63489 



0 



£ 0 (a-r) (eV) 



4.32754 



32.53914 



-16.26957 



-15.56407 



-15.56407 



-67.69451 



-67.69450 



24.9286 



16.40846 



-0.25352 



0.35532 
(Eg. (13.458)) 



-0.22757 



0.14803 



-67.92207 



-14.63489 



-13.59844 



12.49186 



21.06675 



-10.53337 



-15.56407 



-15.56407 



-49.66493 



0 



-49.66493 



24.2751 



15.97831 



-0.25017 



0.35532 
(Eg. (13.458)) 

-0.14502 
0.14803 



-49.80996 



-14.63489 



-13.59844 
7.83016 
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BRANCHED ALKANES (C,H M , »* 3,4,5...-) 

The branched-chain alkanes, C n H 2n+2 , comprise at least two terminal methyl groups ( CH 3 ) at 
each end of the chain, and may comprise methylene (CH 2 ) 9 and methylyne (CH) functional 
groups as well as C hound by carbon-carbon single bonds. The methyl and methylene 
5 functional groups are equivalent to those of straight-chain alkanes. Six types of C - C bonds 
can be identified. The n-alkane C - C bond is the same as that of straight-chain alkanes. In 
addition, the C-C bonds within isopropyl ((Ci^Ctf) and t-butyl ((C// 3 ) 3 C) groups and the 

isopropyl to isopropyl, isopropyl to t-butyl, and t-butyl to t-butyl C-C bonds comprise 
functional groups. The branched-alkane groups are solved using the same principles as those 
10 used to solve the methyl and methylene functional groups wherein the 2s and 2p AOs of each 

C hybridize to fofm a single 2sp* shell as an energy minimum, and the sharing of electrons 
between two C2sp* HOs to fotm a MO permits each participating hybridized orbital to decrease 
in radius and energy. E T {atom- atom s msp\Ao) of each C - C-bond MO in Eq. (15.52) due 
to the charge donation from the C atoms to the MO is -1.85836 eV or -1.44915 eV based on 
15 the energy match between the C2sp 3 HOs corresponding to the energy contributions equivalent 
to those of methylene, -0.92918 eV (Eq. (14.513), or methyl, -0.72457 eV (Eq. (14.151)), 
groups, respectively. 

The symbols of the functional groups of branched-chain alkanes are given in Table 15.9. 
The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. 
20 (15.6-15.11) and (15.17-15.56)) parameters of branched-chain alkanes are given in Tables 
15.10, 15.11; and 15.12, respectively. The total energy of each branched-chain alkane given in 
Table 15.13 was calculated as the sum over the integer multiple of each E D {owu P ) of Table 15.12 
corresponding to functional-group composition of the molecule. The bond angle parameters of 
branched-chain alkanes determined using Eqs. (15.79-15.108) are given in Table 15.14. 
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Table 15.9. The symbols of functional groups of branched alkanes. 



Functional Group 



Group Symbol 



CH 3 group 

CH 2 group 
CH 

CC bond (n-C) 
CC bond (iso-C) 
CC bond (tert-C) 
CC (iso to iso-C) 
CC (t to t-C) 
CC (tto iso-C) 



C-H(CH,) 

C-H{CH 2 ) 

C-H 
C-C(a) 
C-C (b) 
C-C (c) 
C-C(d) 
C-C(e) 
C-C (f) 
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ALKENES ( C n H 2ni n = 3,4,5...- ) 

The straight and branched-chain alkenes, C p H 2n , comprise at least one carbon-carbon 

double bond comprising a functional group that is solved equivalent^ to the double bond of 
ethylene. The double bond may be bound to one, two, three, or four carbon single bonds that 
5 substitute for the hydrogen atoms of ethylene. Based on the condition of energy matching of the 
orbital, any magnetic energy due to unpaired electrons in the constituent fragments, and 
differences in oscillation in the transition state, three distinct functional groups can be identified: 
C vinyl single bond to -C(C) = C , C vinyl single bond to -C(H) = C , and C vinyl single 

bond to -C(C) = CH 2 . In addition, CH 2 of the -C = CH 2 moiety is an alkene functional 
10 group. 

. , The alkyl portion of the alkene may comprise at least two terminal methyl groups ( CH 3 ) 
at each end of the chain, and may comprise methylene (CH 2 \ and methylyne (CH) functional 
groups as well as C bound by carbon-carbon single bonds. The methyl and methylene 
functional groups are equivalent to those of straight-chain alkanes. Six types of C - C bonds 
15 can be identified. The n-alkane C - C bond is the same as that of straight-chain alkanes. In 

addition, the C - C bonds within isopropyl ((CH 3 ) 2 CH ) and t-butyl ( {CH 3 \ C ) groups and the 

isopropyl to isopropyl, isopropyl to t-butyl, and t-butyl to t-butyl C-C bonds comprise 
functional groups. The branched-chain-alkane groups in alkenes are equivalent to those in 
branched-chain alkanes. The solution of the functional groups comprises the hybridization of 

20 the 2s and 2p AOs of each C to form a single 2sp* shell as an energy minimum, and the 
sharing of electrons between two C2sp 2 HOs to form a MO permits each participating 
hybridized orbital to decrease in radius and energy. E T [atom- atom,msp 2 .AG*} of the C = C- 
bond MO in Eq. (15.52) due to the charge donation from the C atoms to the MO is equivalent 
to that of ethylene, -2.26759 eV , given by Eq. (14.247). E r {atom- atom 9 msp\AO) of each 

25 C-C-bond MO in Eq. (15.52) is -1.85836 eV or -1.44915 eV based on the energy match 
between the C2sp 3 HOs corresponding to the energy contributions equivalent to those of 
methylene, -0.92918 eV (Eq. (14.513), or methyl, -0.72457 eV (Eq. (14.151)), groups, 
respectively. 

The symbols of the functional groups of alkenes are given in Table 15.15. The 
30 geometrical (Eqs. (15.1-15.5) and (15.41)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. 
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(15.6-15.11) and (15.17-15.56)) parameters of alkenes are given in Tables 15.16, 15.17, and 
15.18, respectively. The total energy of each alkene given in Table 15.19 was calculated as the 
sum over the integer multiple of each E D (on», P ) of Table 15.18 corresponding to fiinctional- 
group composition of the molecule. For each set of unpaired electrons created by bond breakage 
5 , the C2sp 3 HO magnetic energy E mog that is subtracted from the weighted sum of the 

E d (gk>hp) (eV) values based on composition is given by Eq. (15.58). The bond angle parameters 
of alkenes determined using Eqs. (15.79-15.108) are given in Table 15.20. 
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ALKYNES (C tt H 2n _ 2 , h = 3,4,5...~) 

The straight and branched-chain alkynes, C n H 2ff _ 2 , have at least one carbon-carbon triple 

bond comprising a functional group that is solved equivalently to the triple bond of acetylene. 
The triple bond may be bound to one or two carbon single bonds that substitute for the hydrogen 
5 atoms of acetylene. Based on the energy matching of the mutually bound C , these C - C -bond 
MOs are defined as primary and secondary C-C functional groups, respectively, that are 
unique to alkynes. In addition, the corresponding terminal CH of a primary alkyne comprises a 
functional group that is solved equivalently to the methylyne group of acetylene as given in the 
Acetylene Molecule section. 
10 The alkyl portion of the alkyne may comprise at least two terminal methyl groups ( CH 3 ) 

at each end of the chain, and may comprise methylene (CH 2 ), and methylyne (CH) functional 

i 

* i ■ , 

• ■ 

groups as well as C bound by carbon-carbon single bonds. The methyl and methylene 
functional groups are equivalent to those of straight-chain alkanes. Six types of C-C bonds 
can be identified. The n-alkane C- C bond is the same as that of straight-chain alkanes. In 

15 addition, the C-C bonds within isopropyl {[CH^CH) and t-butyl ((C# 3 ) 3 C) groups and the 

. • - • • ... . 

isopropyl to isopropyl, isopropyl to t-butyl, and t-butyl to t-butyl C-C bonds comprise 

functional groups. The branched-chain-alkane groups in alkynes are equivalent to those in 

branched-chain alkanes. 

The solution of the functional groups comprises the hybridization of the 2s and 2 p 

20 AOs of each C to form a single 2sp 3 shell as an energy minimum, and the sharing of electrons 

between two C2sp* HOs to form a MO permits each participating hybridized orbital to decrease 

■ 

in radius and energy. E T \atom- atom,msp* AO} of the C s C-bond MO in Eq. (15.52) due to 
the charge donation from the C atoms to the MO is equivalent to that of acetylene, 
-3.13026 eV , given by Eq. (14.342). E T [atom- atom,msp\AO) of each -alkyl-bond MO in 

25 Eq. (15.52) is -1.85836 eV or . -1.44915 eV based on the energy match between the C2sp 3 

HOs corresponding to the energy contributions equivalent to those of methylene, -0.92918 eV 
(Eq. (14.513), or methyl, -0.72457eK (Eq. (14.151)), groups, respectively. For the C-C 

groups each , comprising a C y single bond to CsC, E r (atom- atom 9 msp 3 AO J is 

-0.72457 eV based on the energy match between the C2sp l HOs for the mutually bound C of 
30 the single and triple bonds. The parameter eo of each group is matched for oscillation in the 
transition state based on the group being primary or secondary. 
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The symbols of the functional groups of alkynes are given in Table 15.21. The 
geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. 
(15.6-15.11) and (15.17-15.56)) parameters of alkynes are given in Tables 15.22, 15.23, and 
15.24, respectively. The total energy of each alkyne given in Table 15.25 is calculated as the 
5 sum over the integer multiple of each E D (aro up ) of Table 15.24 corresponding to functional- 
group composition of the molecule. The bond angle parameters of alkynes determined using 
Eqs. (15.79-15.108) are given in Table 15.26. Each C of the CsC group can further bond 
with only one atom, and the bond is linear as a minimum of energy as in the case of acetylene. 
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ALKYL FLUORIDES ( C n H 2n ^ n F m , /i=l,2,3,4,5...~ m = l,2,3...oo) 

The branched-chain alkyl fluorides, C n H 2n + 2 _ m F n , may comprise at least two terminal 
methyl groups (CH 3 ) at each end of the chain, and may comprise methylene (CH 2 ), and 

methylyne (CH) functional groups as well as C bound by carbon-carbon single bonds wherein 
5 at least one H is replaced by a fluorine. The C-F bond comprises a functional group for each 
case of F replacing a H of methane in the series H^ m C-F m , m = 1,2,3,4, and F replacing a 

H of an alkane. The methyl, methylene, methylyne functional groups are equivalent to those of 
branched-chain alkanes. Six types of C- C bonds can be identified. The n-alkane C- C bond 
is the same as that of straight-chain alkanes. In addition, the C - C bonds within isopropyl 

10 i(CH 3 ) 2 CH) and t-butyl ((CJT^ C) groups and the isopropyl to isopropyl, isopropyl to t-butyl, 

and t-butyl to t-butyl C - C bonds comprise functional groups that are equivalent to those of 
branched-chain alkanes. 

The solution of the C — F functional groups comprises the hybridization of the Is and 

2p AOs of each C to form a single 2sp 3 shell as an energy minimum, and the sharing of 

1 5 electrons between the C2sp* HO and the F AO to form a molecular orbital (MO) permits each 

participating orbital to decrease in radius and energy. In alkyl fluorides, the C2sp* HO has a 
hybridization factor of 0.91771 (Eq. (13.430)) with a corresponding .energy of 

£(c,2yp 3 ) = -14.63489 eV (Eq. (15.25)), and the F AO has an energy of 
E[f) = -17.42282 eV . To meet the equipotential condition of the union of the C-F H 7 - 

i 

20 type-ellipsoidal-MO with these orbitals, the hybridization factor c 2 of Eq. (15.52) for the 

« 

C-F -bond MO given by Eqs. (1 5.68) and (15.70) is 

cAdsp'HO to F) = £ ( C ; 2 ^) C IcitfHO) = " 14 ' 63489gV (0.91771) = 0.77087 (15.1 10) 
n y 1 E[F) n y 1 -17.42282 eV K ' 

E T {atom- atom,msp\AO} of the C-F -bond MO in Eq. (15.52) based on the charge donation 

from F to the MO is determined by the linear combination that results in a energy that is a 
25 minimum which does not exceed the energy of the AO of the F atom to which it is energy 
matched. 

The symbols of the functional groups of branched-chain alkyl fluorides are given in 
Table 15.27. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 
energy (Eqs. (15.6-15.11) and (15.17-15.56)) parameters of branched-chain alkyl fluorides are 
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given in Tables 15.28, 15.29, and 15.30, respectively. The total energy of each branched-chain 
alkyl fluoride given in Table 15.31 was calculated as the sum over the integer multiple of each 
E D {amip) of Table 15.30 corresponding to functional-group composition of the molecule. For 

each set of unpaired electrons created by bond breakage, the C2sp 3 HO magnetic energy E mag 

5 that is subtracted from the weighted sum of the E 0 (cmv) (eV) values based on composition is 

given by Eq. (15.58). In the case of trifluoromethane, E ma ^ is positive since the term due to the 

fluorine atoms cancels that of the CH group. The C-C bonds to the CHF group (one H 
bond to C) were each treated as an iso C-C bond. The C-C bonds to the CF group (no H 

bonds to C) were each treated as a tert-butyl C-C. E was subtracted for each t-butyl 

10 group. The bond angle parameters of branched-chain alkyl fluorides determined using Eqs. 
(15.61-15.70), (15.79-15.108) and (15.1 10) are given in Table 15.32. 



Table 15.27. The symbols of functional groups of branched-chain alkyl fluorides. 


Functional Group 


Group Symbol 


CF of Ci^ 


C-F (i) 


CF of CH^ m F a 


C-F (ii) 


CH 3 group 


C-H(CH 3 ) 


CH 2 group 


c-h(ch 2 ) 


CH 


C-H 


CC bond (n-C) 


C-C (a) 


CC bond (iso-C) 


C-C (b) 


CC bond (tert-C) 


C-C (c) 


CC (iso to iso-C) 


C-C(d) 


CC (t to t-C) 


C-C (e) 


CC (t to iso-C) 


C-C(f) 
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ALKYL CHLORIDES (C n H 7n ^ 2 _ m Cl to> /i = l,2,3,4,5...~ m = l,2,3...~) 

The branched-chain alkyl chlorides, C K H uvirm jCI m » may comprise at least two terminal 

methyl groups (Cif 3 ) at each end of the chain, and may comprise methylene (CH 2 ), and 

methylyne (CH) functional groups as well as C bound by carbon-carbon single bonds wherein 
5 at least one H is replaced by a chlorine. The C - Ci bond comprises a functional group for 
each case of CI replacing a H of methane for the series H A _ a C-Cl m9 #1 = 1,2,3, with the 

C - CI bond of CCl 4 comprising another functional group due to the limitation of the minimum 

energy of CI matched to that of the C2sp l HO. In addition, the C-C/ bond due to CI 

replacing a H of an alkane is a function group. The methyl, methylene, methylyne functional 
10 groups are equivalent to those of branched-chain alkanes. Six types of C-C bonds can be 
identified. The n-alkane C-C bond is the same as that of straight-chain alkanes. In addition, 

the C-C bonds within isopropyl {{CH^CH) and t-butyl ((c# 3 ).C) groups and the 

isopropy] to isopropyl, isopropyl to t-butyl, and t-butyl to t-butyl C-C bonds comprise 
functional groups that are equivalent to those of branched-chain alkanes. 
15 The solution of the C - CI functional groups comprises the hybridization of the 2s and 

2 p AOs of each C to form a single 2sp 3 shell as an energy minimum, and the sharing of 

electrons between the C2sp 3 HO and the CI AO to form a MO permits each participating 
orbital to decrease in radius and energy. In alkyl chlorides, the energy of chorine is less than the 
Coulombic energy between the electron and proton of H given by Eq. (1 .243). Thus, c 2 in Eq. 

20 (15.52) is one, and the energy matching condition is determined by the C 2 parameter. Then, 
C2sp* HO has a hybridization factor of 0.91771 (Eq. (13.430)) with a corresponding energy of 
£(C,2^ 3 ) = -I4.63489e-K (Eq. (15.25)), and the CI AO has an energy of 

E(Cl) = -12.96764 eV . To meet the equipotential condition of the union of the C- CI H 7 ~ 

type-ellipsoidal-MO with these orbitals, the hybridization factor C 2 of Eq. (15.52) for the 
25 C-C/ -bond MO given by Eqs. (1 5.68) and (1 5.70) is 

C 2 (C2sp*HO to ClU-p£^c 2 lC2sp 3 HOU " 12 '^f gV (0.91771) = 0.813 17 (15.110) 
n F 7 E(c,2sp*) n ' -14.63489 eV K ' 

The valence energy of the carbon 2p is -11.2603 eV and that of the CI AO is -12.96764 eV . 
The energy difference is more than that of 2£ r (c-C 9 2jp 3 ) given by Eq. (14.151) for a single 
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bond. Thus, E T [atom- atom,msp\AO} of the C-C/ -bond MO in Eq. (15.52) due to the 
charge donation from the C and CI atoms to the MO is -1.44915 eV based on the energy 
match between the C2sp 3 HO and the CI AO corresponding to the energy contributions 

equivalent to those of methyl groups, -0.72457 eV (Eq. (14.151)). 

5 The symbols of the functional groups of branched-chain alkyl chlorides are given in 

Table 15.33. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 
energy (Eqs. (15.6-15.11) and (15.17-15,56)) parameters of branched-chain alkyl chlorides are 
given in Tables 15.34, 15.35, and 15.36, respectively. The total energy of each branched-chain 
alkyl chloride given in Table 15.37 was calculated as the sum over the integer multiple of each 

10 E p [gw P ) of Table 15.36 corresponding to functional-group composition of the molecule. For 

. each set of unpaired electrons created by bond breakage, the C2sp 3 HO magnetic energy E mog 

that was subtracted from the weighted sum of the E D {o,r>u P ) (eV) values based on composition is 

given by Eq. (15.58). The C-C bonds to the CHC1 group (one H bond to C) were each 
treated as an iso C-C bond. The C-C bonds to the CCI group (no H bonds to C) were 
15 each treated as a tert-butyl C - C . E was subtracted for each t-butyl group. The bond angle 

parameters of branched-chain alkyl chlorides determined using Eqs. (15.61-15.70), (15.79- 
15.108) and (15.111) are given in Table 35.38. 

Table 15.33. The symbols of functional groups of branched- chain alkyl chlorides. 



Functional Group 


Group Symbol 


CCI of CCIH, m 


C-Cl (i) 


cci of ca A 


C-Cl (ii) 


cci of c„H^_ a a m 


C-Cl (iii) 


CH 3 group 


C-H (CH 3 ) 


CHj group 


C-H(CH,) 


CH 


C-H 


CC bond (n-C) 


C-C (a) 


CC bond (iso-C) . 


C-C(b) 


CC bond (tert-C) 


C-C (c) 


CC (iso to iso-C) 


C-C (d) 


CC (t to t-C) 


C-C (e) 


CC (t to iso-C) 


C-C (f) 
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ALKYL BROMIDES (C n H 2n + 2 _ m Br m , «=sl,2,3,4,5...~ w = l,2,3...~). 

The branched-chain alkyl bromides, C^H^^Br^ may comprise at least two terminal , 
methyl groups (CH 3 ) at each end of the chain, and may comprise methylene (CH 2 ) 9 and 
methylyne (Cff) functional groups as well as C bound by carbon-carbon single bonds wherein 
5 at least one H is replaced by a bromine. The C - Br bond comprises a functional group for 
each case of Br replacing a H of methane for the series H A _ m C-Br w , m= 1,2,3, with the 

C - Br bond of CBr A comprising another functional group due to the limitation of the minimum 

energy of Br matched to that of the Clsp* HO. In addition, the C - Br bond due to Br 
replacing a H of an alkane is a function group. The methyl, methylene, methylyne functional 
10 groups are equivalent to those of branched-chain alkanes. Six types of C - C bonds can be 
identified. The n-alkane C-C bond is the same as that of straight-chain alkanes. In addition, 
the C-C bonds within isopropyl ((Ci* 3 ) 2 Ctf) and t-butyl ((CH 3 ) y C) groups and the 

isopropyl to isopropyl, isopropyl to t-butyl, and t-butyl to t-butyl C-C bonds comprise 
functional groups that are equivalent to those of branched-chain alkanes. 
1 5 The solution of the C - Br functional groups comprises the hybridization of the 2s and 

2p shells of each C to form a single 2sp 3 shell as an energy minimum, and the sharing of 
electrons between the C2sp 3 hybridized orbital (HO) and the Br AO to form a molecular 
orbital (MO) permits each participating orbital to decrease in radius and energy. In alkyl 
bromides, the energy of bromine is less than the Coulombic energy between the electron and 
20 proton of H given by Eq. (1.243). Thus, c 2 in Eq. (15.52) is one, and the energy matching 

condition is determined by the C 2 parameter. Then, the C2sp 3 HO has a hybridization factor of 
0.91771 (Eq. (13.430)) with a corresponding energy of E(c,2sp 3 ) = -14.63489 eV (Eq. 
(15.25)), and the Br AO has an energy of £(Br) = -11.81381 eV . To meet the equipotential 
condition of the union of the C-Br //j-type-ellipsoidal-MO with these orbitals, the 
25 hybridization factor C 2 of Eq. (15.52) for the C-Br -bond MO given by Eqs. (15.68) and 



(15.70) is 




-11.81381 eV 
-14.63489 eV 



(0.91771) = 0.74081 (15.112) 
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The valence energy of the carbon 2p is -11.2603*7 and that ofthe Br AO is -11.81381 eV . 
The energy difference is less than that of E T (c-C y 2sp z ) given by Eq. (14.151) for a single 
bond. Thus, E T [atom- atom,msp\Ao) ofthealkyl C-Br -bond MO in Eq. (1 5.52) due to the 
charge donation from the C and Br atoms to the MO is -0.92918 eV (Eq. (14.513) based on 
5 the maximum single-bond-energy contribution ofthe C2sp* HO. E T [atom- atom,msp\AO) 
of the series CBr m H 4 _ m m= 1,2,3 is equivalent to those of methyl groups, -0.72457 eV (Eq. 
(14.151)). For CBr 4 , E T {atom- atom 9 msp\AO) ofthe C-Br -bond MO in Eq. (15.52) due to 
the charge donation from the C and Br atoms to the MO is -0.36229 eV (Eqs. (15.18-15.20 
and Eq, (15.29) with a linear combination of s= 1, E T {atom-atom>msp l AO} = -Q. 12451 eV 
10 and E T (atom-atom,msp 3 .AO) = 0) based on the maximum charge density on the C2sp 3 HO. 

The symbols of the functional groups of branched-chain alky] bromides are given in 
Table 15.39. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 
energy (Eqs. (15.6-15.11) and (15.17-15.56)) parameters of branched-chain alkyl bromides are 
given in Tables 15.40, 15.41, and 15.42, respectively. The total energy of each branched-chain 

15 alkyl bromide given in Table 15.43 was calculated as the sum over the integer multiple of each 
£p («»»>) of Table 15.42 corresponding to functional-group composition ofthe molecule. For 
each set of unpaired electrons created by bond breakage, the C2sp 3 HO magnetic energy E ' 
that was subtracted from the weighted sum ofthe E D (an» P ) (eV) values based on composition is 
given by Eq. (15.58). The C-C bonds to the CHBr group (one H bond to C) were each 

20 treated as an iso C-C bond. The C-C bonds to the CBr group (no H bonds to C) were 
each treated as a tert-butyl C-C. E mag is subtracted for each t-butyl group. In the case of 2,3- 

dibromo-2-methylbutane, E mog is positive since the terms due to the two bromine atoms cancel 

that of the t-butyl and CH groups. The bond angle parameters of branched-chain alkyl 
bromides determined using Eqs. (15.61-15.70), (15.79-15.108) and (15.1 12) are given in Table 
25 15.44. 



I 
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Table 15.39. The symbols of functional groups of branched-chain allcyl bromides. 


jr llliv U UlJLctl vJ 1 \J \Xy 


("rrouT> Svmbol 1 


CBr of CBr m H A _ m 




CBr of CBr 4 


C-Br (ii) 


CBr ofCH Br 


C-Br (Hi) 


CH 3 group 


C-tf (CH,) 


CH 2 group 


c-# (c# 2 ) 


CH 


C-# 


CC bond (n-C) 


C-C (a) 


CC bond (iso-C) 


C-C (b) 


CC bond (tert-C) 


C-C (c) 


CC (iso to iso-C) 


C-C (d) 


CC (t to t-C) 


C-C (e) 


CC(t to iso-C) 


C-C(f) 
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ALKYL IODIDES (C n H 2tt+2 _J m9 « = l,2,3,4,5...oo w = l,2,3...oo) 

The branched-chain alkyl iodides, C n H 2n+2 _ m I m , may comprise at least two terminal 
methyl groups (CH 3 ) at each end of the chain, and may comprise methylene (CH 2 ), and 

methylyne {CH) functional groups as well as C bound by carbon-carbon single bonds wherein 
5 at least one H is replaced by an iodine atom. The C - / bond comprises a functional group for 
/ replacing a H of methane (CH 3 I) or for J replacing a H of an alkane corresponding to the 

series C n H ln ^ m I m . The C-/ bond of each of CH 2 I 2 and CHI 3 comprise separate functional 

groups due to the limitation of the minimum energy of / matched to that of the C2sp* HO. The 

methyl, methylene, methylyne functional groups are equivalent to those of branched-chain 
10 alkanes. Six types of C - C bonds can be identified. The n-alkane C - C bond is the same as 

that of straight-chain alkanes. In addition, the C-C bonds within isopropyl {{CH^CH) and 
t-butyl {[CH^C) groups and the isopropyl to isopropyl, isopropyl to t-butyl, and t-butyl to t- 

* 

butyl C - C bonds comprise functional groups that are equivalent to those of branched-chain 
alkanes. 

15 The solution of the C - / functional groups comprises the hybridization of the 2s and 

2p AOs of each C to form a single 2sp* shell as an energy minimum, and the sharing of 

electrons between the C2sp 3 HO and the / AO to form a MO permits each participating orbital 
to decrease in radius and energy. In alkyl iodides, the energy of iodine is less than the 
Coulombic energy between the electron and proton of H given by Eq. (1 .243). Thus, c 2 in Eq. 

20 (15.52) is one, and the energy matching condition is determined by the C 2 parameter. Then, the 
C2sp 3 HO has a hybridization factor of 0.91771 (Eq. (13.430)) with a corresponding energy of 
E{c,2sp 3 ) = -14.63489 eV (Eq. (15.25)). The / AO has an energy of E(l) = -10.45126 eV . 

To meet the equipotential condition of the union of the C-I 7/ 2 -type-ellipsoidal-MO with 
these orbitals, the hybridization factor C 2 of Eq. (15.51) for the C - / -bond MO given by Eqs. 
25 (15.68) and (15.70) is 

C 2 (C2sp 3 HO tol)= * c, (Of HO) = Eftfjl % (°- 91771 > = °- 65537 < lfU13 > 

The valence energy of the carbon 2p is -1L2603 eV and that of the / AO is -10.45126 eV . 
The energy difference is positive. Thus, based on the maximum charge density on the C2sp 3 
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HO E T \atom-atom y msp l AOj of the C-/-bond MO in Eq. (15.52) due to the charge 
donation from the C and / atoms to the MO is -0.36229*7 (Eqs. (15.18-15.20 and Eq. 
(15.29) with a linear combination of j = E T {atom- atom,msp 3 AO ) = -0.72457 eV and 

E T {atom- atom,msp* AO} = 0) for methyl and alkyl iodides, -0.18114eK for diiodomethane, 
5 and 0 for C/£7 3 . 

The symbols of the functional groups of branched-chain alkyl iodides are given in Table 
15.45. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 
energy (Eqs. (15.6-15.11) and (15.17-15.56)) parameters of branched-chain alkyl iodides are 
given in Tables 15.46, 15.47, and 15.48, respectively. The total energy of each branched-chain 
10 alkyl iodide given in Table 15.49 was calculated as the sum over the integer multiple of each 
t D (onvp) of Table 15.48 corresponding to functional-group composition of the molecule. For 

each set of unpaired electrons created by bond breakage, the C2sp 2 HO magnetic energy E 

■ 

that was subtracted from the weighted sum of the E D (cmv P ) (eV) values based on composition is 

given by Eq. (15.58). The C-C bonds to the CHI group (one H bond to C) were each 
15 treated as an iso C - C bond. The C-C bonds to the CI group (no H bonds to C) were each 
treated as a tert-butyl C-C. E mas is subtracted for each t-butyl group. The bond angle 

parameters of branched-chain alkyl iodides determined using Eqs. (15.6145.70), (15.79-15.108) 
and (15.1 13) are given in Table 15.50. 

20 Table 15.45. The symbols of functional groups of branched-chain alkyl iodides. 



Functional Group 


Group Symbol 


Cl of CH 3 I and C n H ln ^J a 


C-7(i) 


CI of CH 2 I 2 


. C-/(ii) 


CI of CHI 3 


C-I (iii) 


CH 3 group 


C-H (CH 3 ) 


CHj group 


C-H(CH 7 ) 


CH 


' C-H 


CC bond (n-C) 


C-C (a) 


CC bond (iso-C) 


C-C (b) 


CC bond (tert-C) 


C-C (c) 


CC (iso to iso-C) 


C-C (d) 


CC (t to t-C) 


C-C (e) 


CC (t to iso-C) 


C-C(f) 
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ALKENYL HALIDES (C n H 2if _ m X m9 w = 3,4,5...~ m = l,2,3...<*>) 

The branched-chain alkenyl halides., C n H tM _ m X m with X-F^J.BrJy may comprise 

alkyl and alkenyl functional groups wherein at least one H is replaced by a halogen atom. In 
the case that a halogen atom replaces an alkyl H , the C - X bond comprises the alkyl-halogen 
5 functional groups given in their respective sections. The alkenyl halogen C - X bond 
comprises a separate functional group for each case of X bonding to the C = C -bond functional 
group given in the Alkenes section. In addition the CH group of the moiety XCH = C 
comprises a functional group unique to alkenyl halides. The straight and branched-chain 

alkenes, C n H 2tj9 comprise at least one carbon-carbon double bond comprising a functional group 

• i 

10 that is solved equivalently to the double bond of ethylene. The double bond may be bound to 
one, two, three, or four carbon single bonds that substitute for the hydrogen atoms of ethylene. 
The three distinct functional groups given in the Alkenes section are C vinyl single bond to 
-C(C) = C , C vinyl single bond to -C{H) « C , and C vinyl single bond to -C(C) = CH 2 . 

In addition, CH 2 of the -C = CH 2 moiety is also an alkene functional group solved in the 
15 Alkenes section. 

* 

Consider the case where X = Cl substitutes for a carbon single bond or a hydrogen 
atom. Based on the condition of energy matching of the orbital, any magnetic energy due to 
unpaired electrons in the constituent fragments, and differences in oscillation in the transition 
state, two distinct C-Cl functional groups can be identified: CI vinyl single bond to 
20 -C(C) = C and CI vinyl single bond to -C(H) = C. The alkenyl-halide CH group is 

equivalent to that solved in the Hydrogen Carbide (CH) section except that 

AE HiM() [AO/ HO) = -1.13379 eV in order to energy match to the C-C/ and C=C bonds. 

The alkyl portion of the alkenyl halide may comprise at least two terminal methyl groups 
(CH 3 ) at each end of the chain, and may comprise methylene (C/f 2 ), and methylyne (CH ) 

25 functional groups as well as C bound by carbon-carbon single bonds. The methyl and 
methylene functional groups are equivalent to those of straight-chain alkanes. Six types of 
C-C bonds can be identified. The n-alkane C-C bond is the same as that of straight-chain 

alkanes. In addition, the C - C bonds within isopropyl ([CH^CH) and t-butyl ((Ctf 3 ) C) 

groups and the isopropyl to isopropyl, isopropyl to t-butyl, and t-butyl to t-butyl C-C bonds 
30 comprise functional groups. The branched r chain-alkane groups in alkene halides are equivalent 
to those in branched-chain alkanes. 
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E T [atom-atom 9 msp i .AO) of the C = C-bond MO in Eq. (15.52) due to the charge 
donation from the C atoms to the MO is equivalent to that of ethylene, -2.26759 eV , given by 
Eq. (14.247). E 7 {atom-atom,msp*AO) of each C-C-bond MO in Eq. (15.52) is 

-1.85836 eV or -1.44915 eV based on the energy match between the C2sp 3 HOs 

5 corresponding to the energy contributions equivalent to those of methylene, -0.92918 eV (Eq. 
(14.513), or methyl, -0.72457 eV (Eq. (14.151)), groups, respectively. 

The solution of each C - X functional group comprises the hybridization of the 2s and 

2p AOs of the C atom to form- a single 2sp* shell as an energy minimum, and the sharing of 

electrons between the C2sp 3 HO and the X AO to form a MO permits each participating 

10 orbital to decrease in radius and energy. The alkenyl C - X -bond functional groups comprise 
single bonds and are equivalent to those of the corresponding alkyl halides except that the 

halogen AO and the C - X -bond MO are each energy matched to the alkene C2sp* HO. In 
alkenyl halides with X = Cl,Br> or I , the energy of the halogen atom is less than the 
Coulombic energy between the electron and proton of H given by Eq. (1.243). Thus, c 2 in Eq. 
15 (15.52) is one, and the energy matching condition is determined by the C 2 parameter. For 
example, the hybridization factor C 2 of Eq. (15.52) for the alkenyl C-C/ -bond MO given by 
Eq. (15.111) is C 2 (C2sp 3 HO to Cl) = 0.81317. 

E T [atom-atom 9 msp\AO) of the alkenyl C-C/ -bond MO in Eq. (15.52) due to the 

charge donation from the C and CI atoms to the MO is -0.72457 eV for the CI vinyl single 
20 bond to -C(7?) = C C-C/ group and -0.92918 eV for the CI vinyl single bond to 

-C(C) = C C-Cl group. It is based on the energy match between the CI atom and the C2sp* 

HO of an unsubstituted vinyl group and a substituted vinyl group given by Eqs. (14.151) and 
(14.513), respectively. 

The symbols of the functional groups of branched-chain alkenyl chlorides are given in 
25 Table 15.51. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 
energy (Eqs. (15.6-15.11) and (15.17-15.56)) parameters of branched-chain alkenyl chlorides 
are given in Tables 15.52, 15.53, and 15.54, respectively. The total energy of each branched- 
chain alkenyl chloride given in Table 15.55 was calculated as the sum over the integer multiple 
of each E D {onw P ) of Table 15.54 corresponding to functional-group composition of the molecule. 
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The bond angle parameters of branched-chain alkenyl chlorides determined using Eqs. (15.61 
15.70), (15.79-15.108) and (15.1 1 1) are given in Table 15.56. 

Table 15.51. The symbols of functional groups of branched-chain alkenyl chlorides. 



| Functional Group | Group Symbol 



CI vinyl single bond to -C(H)=C C-Cl (i) 

CI vinyl single bond to -C(C)=C C-Cl (ii) 

CC double bond C = C 

C vinyl single bond to -C(C)=C C - C (i) 

C vinyl single bond to -C(H)=C C-C (ii) 

C vinyl single bond to -C(C))=CH 2 C-C (iii) 

CH (alkenyl halide) C - H (i) 

CH 2 alkenyl group C-H (CH 2 ) (i) 

CH, group. C-H[CH 3 ) 

CH, alkyl group C- H (CH 2 ) (ii) 

CH(alkyl) C-H (ii) 

CCbond(n-C) C-C (a) 

CC bond (iso-C) C-C (b) 

CC bond (tert-C) C-C (c) 

CC (iso to iso-C) C-C(d) 

CC(ttot-C) • C-C (e) 

CC (t to iso-C) C-C (f) 
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ALCOHOLS (C n H 2n+2 O m , 1,2,3,4.5...-) 



The alkyl alcohols, C n H 2n + t O a , comprise an OH functional group and two types of 

C - O functional groups, one for methyl alcohol and the other for general alkyl alcohols. The 
alkyl portion of the alkyl alcohol may comprise at least two terminal methyl groups (CH 3 ) at 

5 each end of the chain, and may comprise methylene (C# 2 ), and methylyne (CH) functional 

» 

groups as well as C bound by carbon-carbon single bonds. The methyl and methylene 
functional groups are equivalent to those of straight-chain alkanes. Six types of C - C bonds 
can be identified. The n-alkane C - C bond is the same as that of straight-chain alkanes. In 

addition, the C-C bonds within isopropyl ((Ctf^C//) and t-butyl ((Ci/ 3 ) 3 C) groups and the 

10 isopropyl to isopropyl, isopropyl to t-butyl, and t-butyl to t-butyl C-C bonds comprise 
functional groups. The branched-chain-alkane groups in alcohols are equivalent to those in 
branched-chain alkanes. 

The OH functional group was solved in the Hydroxy I Radical {OH) section. Each 

C - O group is solved by hybridizing the 2s and 2p AOs of the C atom to form a single 2sp l 

15 shell as an energy minimum, and the sharing of electrons between the C2sp 3 HO and the O AO 
to form a MO permits each participating orbital to decrease in radius and energy. In alkyl 
alcohols, the C2sp> HO has a hybridization factor of 0.91771 (Eq. (13.430)) with a 

corresponding energy of ^(c,2$p 3 ) = -14.63489 eV (Eq. (15.25)) and the O AO has an energy 
of E(o) = -13.61806 eV . To meet the equipotential condition of the union of the C- O H 2 - 




20 type-ellipsoidal-MO with these orbitals, the hybridization factor c 2 of Eq. (15.52) for the 
C - 0-bond MO given by Eqs. (15.68) and (15.70) is 



from the C and O atoms to the MO is -1.65376 eV for the CH 3 -OH C-C group. It is 

25 based on the energy match between the OH. group and the C2sp 2 HO of a methyl group and is 
given by the linear combination of -0.92918 eV (Eq. (14.513)) and -0.72457 eV (Eq. 



—1.85836 eV . It is based on the energy match between the O AO and the C2sp y HO of a 
methylene group where both energy contributions are given by Eq. (14.513). 





(14.151)), respectively. For the alkyl C-0 group, EJatom- atom,msp*AO 



is 
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The symbols of the functional groups of branched-chain alkyl alcohols are given in 
Table 15.57. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 
energy (Eqs. (15.6-15.11) and (15.17-15.56)) parameters of alkyl alcohols are given in Tables 
15.58, 15.59, and 15.60, respectively. The total energy of each alkyl alcohol given in Table 
5 15.61 was calculated as the sum over the integer multiple of each E D [c*»*) of Table 15.60 

corresponding to functional-group composition of the molecule. The bond angle parameters of 
alkyl alcohols determined using Eqs. (15.79-15.108) are given in Table 15.62. 
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ETHERS (CH 2n+2 O m , n = 2,3,4,5...- ) 

The alkyl ethers, C tt H 2n ^ 2 O m , comprise two types of C - O functional groups, one for 

methyl or t-butyl groups corresponding to the C and the other for general alkyl groups. The 
alkyl portion of the alkyl ether may comprise at least two terminal methyl groups (CH 3 ) at each 

5 end of the chain, and may comprise methylene (CH 2 ) 9 and methylyne {CH) functional groups 

as well as C bound by carbon-carbon single bonds. The methyl and methylene functional 
groups are equivalent to those of straight-chain alkanes. Six types of C - C bonds can be 
identified. The n-alkane C - C bond is the same as that of straight-chain alkanes. In addition, 

the C-C bonds within isopropyl ((Cif 3 ) CH) and t-butyl ((Ctf 3 ) C) groups and the 

10 isopropyl to isopropyl, isopropyl to t-butyl, and t-butyl to t-butyl C-C bonds comprise 
functional groups. The branched-chain-alkane groups in ethers are equivalent to those in 
branched-chain alkanes. 

Each C- O group is solved by hybridizing the Is and 2p AOs of the C atom to form 

■ 

a single 2sp 3 shell as an energy minimum, and the sharing of electrons between the C2sp 3 HO 
1 5 and the O AO to form a MO permits each participating orbital to decrease in radius and energy. 
In alkyl ethers, the C2sp* HO has a hybridization factor of 0.91771 (Eq. (13.430)) and an 

energy of E(c,2sp 2 ) = -14.63489 eV (Eq. (15.25)) and the O AO has an energy of 
E^O) = -13.61806 eV , To meet the equipotential condition of the union of the C - O H 2 - 
type-ellipsoidal-MO with these orbitals, the hybridization factor c 2 of Eq. (15.52) for the 
20 C-tf-bond MO given by Eq- (15.113) is c 2 {c2sp 3 HO to o) = 0.85395. 

E Y [atom- atom>msp* .AO} of the C- 0-bond MO in Eq. (15.52) due to the charge donation 

from the C and O atoms to the MO is -1.44915 eV for the CH 3 -0- and (CH 3 ) 3 C-0- 
C- O groups. It is based on the energy match between the O AO, initially at the Coulomb 
potential of a proton and an electron (Eqs. (1.236) and (10.162), respectively), and the C2sp* 
25 HO of a methyl group as given by Eq. (14.151). For the alkyl C-0 group, 
E r {atom- atom.msp 3 AO} is -1.65376 eV . It is based on the energy match between the O 

AO and the C2sp 3 HO of a methylene group and is given by the linear combination of 
-0.72457 eV (Eq. (14.151)) and -0.92918 eV (Eq. (14.513)), respectively. 
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The symbols of the functional groups of branched-chain alkyl ethers are given in Table 
15.63. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 
energy (Eqs. (15.6-15.11) and (15.17-15.56)) parameters of alkyl ethers are given in Tables 
15.64, 15.65, and 15.66, respectively. The total energy of each alkyl ether given in Table 15.67 
5 was calculated as the sum over the integer multiple of each E^gwup) of Table 15.66 

corresponding to functional-group composition of the molecule. The bond angle parameters of 
alkyl ethers determined using Eqs. (15.79-15.108) are given in Table 15.68. 
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PRIMARY AMINES ( CH 2fl+Um N m , n » 1,2,3,4,5...~) 

The primary amines, C n H 2n + 2+m N mi comprise an NH 2 functional group and aC-W 

functional group. The alkyl portion of the primary amine may comprise at least two terminal 
methyl groups (CH 3 ) at each end of the chain, and may comprise methylene (CH 2 ), and 

5 methylyne (CH) functional groups as well as C bound by carbon-carbon single bonds. The 
methyl and methylene functional groups are equivalent to those of straight-chain alkanes. Six 
types of C-C bonds can be identified. The n-alkane C-C bond is the same as that of 

straight-chain alkanes. In addition, the C - C bonds within isopropyl ((Cff 3 ) 2 CH) and t-butyl 

((C7f 3 ) 3 C) groups and the isopropyl to isopropyl, isopropyl to t-butyl, and t-butyl to t-butyl 
10. C-C bonds comprise functional groups. The branched-chain-alkane groups in primary amines 

* » * 

are equivalent to those in branched-chain alkanes. 

The primary amino ( NH 2 ) functional group was solved using the procedure given in the 

Dihydrogen Nitride (NH 2 ) section. Using the results of Eqs. (13.245-13.368), the primary 
amino parameters in Eq. (15.52) are n, = 2 , C, =0.75, C 2 =0.93613 (Eqs. (13.248-13.249)), 
15 C Io = 1 .5 , and c } = 0.75 . In primary amines, the C2sp 3 HO of the C - NH 2 -bond MO has an 
energy of E(c,2sp*) = -15.35946 eV (Eq. (15.18) with s = l and Eqs. (15.19-15.20)) and the 
N AO has an energy of e[n} = -14.53414 eK. To meet the equipotential condition of the 

union of the N-H H 2 -type-ellipsoidal-MO with the C2sp y HO, the hybridization factor c 2 of 
Eq. (15.52) for the N-H -bond MO given by Eq. (15.68) is 

20 c 2 (H to l°iV) = = ~ 34 - 53414 eV = 0 94627 (J5.H5) 

M ' E(c,2sp 3 ) -15.35946 <?V 

The C- N group is solved by hybridizing the 2s and 2p AOs of the C atom to form a 

single 2sp shell as an energy minimum, and the sharing of electrons between the C2.sp HO 
and the AT AO to form a MO permits each participating orbital to decrease in radius and energy. 
In primary amines, the C2sp l HO has a hybridization factor of 0.91771 (Eq. (13.430)) with a 

25 corresponding energy of E{C s 2sp*} = -14.63489 eV (Eq. (15.25)), and the N AO has an 
energy of £(w) = -14.53414 eV . To meet the equipotential condition of the union of the 
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C-N H 2 -type~ellipsoidal-MO with these orbitals, the hybridization factor c 2 of Eq. (15.52) 
for the C - N -bond MO given by Eqs. (1 5.68) and (15.70) is 

( |vsi " ,, ') = iSi^ <(> )"Sf( ui,,i )= u " 11 (i5 - ,i6) 

E T [atom- atom,msp* AO} of the C-N -bond MO in Eq. (15.52) due to the charge donation 

5 from the Cand N atoms to the MO is -1.44915 eV . It is based on the energy match between 

the N of the NH 2 group and the C2sp\ HO corresponding to the energy contributions to the 

single bond that are equivalent to those of methyl groups, -0.72457 eV (Eq. (14.151)), where 
the N-H bonds are also energy matched to the C - N bond. 

The symbols of the functional groups of branched-chain primary amines are given in 
10 Table 15.69. The geometrical (Eqs. (15.145.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 
energy (Eqs. (15.6-15.11) and (15.17-15.56)) parameters of primary amines are given in Tables 
15.70, 15.71, and 15.72, respectively. The total energy of each primary amine given in Table 
15.73 was calculated as the sum oveT the integer multiple of each E D (owu P ) of Table 15.72 

corresponding to functional-group composition of the molecule. The bond angle parameters of 
15 primary amines determined using Eqs. (15.79-15.108) are givenin Table 15.74. 



Table 15.69. The symbols of functional groups of primary amines. 


Functional Group 


Group Symbol 


NH 2 group 


AH, 


C-N 


C-N 


CH 3 group 


c-h(ch 3 ) 


CH : group 


c-h(ch 2 ) 


CH 


C-H 


CC bond (n-C) 


C-C (a) 


CC bond (iso-C) 


C-C (b) 


CC bond (tert-C) 


C-C(c) 


CC (iso to iso-C) 


C-C(d) 


CC (t to t-C) 


C-C(e) • 


CC (t to iso-C) 


C-C(f) 



WO 2007/051078 PCT/US2006/042692 

587 



WO 2007/051078 



588 



PCT7US2006/042692 



c 

v e 



9 

s 



5 



vi 



e a. 

^ i 

» o 



J 



CM 



8 



* e 



s 

o 



> o. 
I s 



< O 



e 



IN 



C4 



IN 



cn 



(N 



On 



o 



S 



3 



in 



'■*S 



'•J 



0\ 
5 



VI 

I 



i 

I 



i 



tr» 



3 



8 

m 

On 



rv) 



oo 



g 

rs 

3 



1 



s 

SO 



s 



r4 



s 



rM 



9S 



35 



IN 

♦ 

o 



5 



00 

r- 

<> 
c- 



o 



oo 
<N 

3 2 

c 
tu 



n 

o 



00 

rM «n 



n 



Ul 



2: ci 



,3 



o 

5 



3 



DO 



p 



oo 

SO 



OO 



On 

§ 

NO 



s 

•0 



i 



NO 



O- 



9 



1 
-? 1 




s 

5 

"id 
g 

s 

1 



u 



a 

E 
o 
o 

IN 

r- 



«3 



c 

to 



•a 
o 

E 
o 
u 

o4 

3 

Is 
c 
o 

"5 




o 
I 

o 





to o\ vt e* « 
to O r-» r> rj 



o o o o o e> ° 



o o O o 



I 



(J 

I 

u 



B 

f 
o 

8 



c 
o 

■o 
c 
o 



o 



r^ 



5 



O O O O Q O O 



O O O O O 



o — 



o o o o — o — 



□ — N n — O — 



» e 



- 5 



I 



o c u 



>, CL >> 

6BS 



CD 



2 ^ 



a a A 



ZZZ2 



fxxxx 



oca 



589 



PCT/US2006/042692 



s 



OS 

3 E 



I 



3 



Si 



t ~2 



I 



i 3 g 



3 

1 e 



V 

si 



i 



e 



I 



S 3 



8 



2 I 



<9 I «0 



o 
r 

P 



3 



8 



I 



I 



R 



.2 

» S 

1 

s 
E 

s 



en 



s 



R 
o 



< 



3 



e 



EL 

s 



o. 
3 



5 



Ok 
©■ 



o" 



'I 



i 



3 



8 



8 

5 



So ^ 

E.S| 2 ~ 



1 
*> 



V5 

s 



2 « 



a L 

1 z 



•a 

5 

E 

•c 



>* -SI 



rt I "* 



8 

II,."? y 



13 



s 



8 

3 



IS 12 I 
* 8 , S 3 



M5 



S 



s 

3 



3 



r4 



SMI* 



o 

5? 



g 



C 

H f 



JO 



J 5 

3? 



v\k\k\k s h 5 n 



WO 2007/051078 



590 



PCT/US2006/042692 



SECONDARY AMINES ( C n H 2n ^N m , n = 2,3,4,5...~ ) 

The secondary amines, C n H 2n ^ a N n > comprise an NH functional group and two types 

of C - N functional groups, one for the methyl group corresponding to the C of C - JV and the 
other for general alkyl secondary amines. The alkyl portion of the secondary amine may 
5 comprise at least two terminal methyl groups (Cff 3 ) at each end of the chain, and may comprise 
methylene (CH 2 ), and methylyne (CH) functional groups as well as C bound by carbon- 
carbon single bonds. The methyl and methylene functional groups are equivalent to those of 
straight-chain alkanes. Six types of C - C bonds can be identified. The n-alkane C - C bond 
is the same as that of straight-chain alkanes. In addition, the C - C bonds within isopropyl 

10 ((CH 2 ) 2 CH) and t-butyl ((Ci? 3 ) 3 C) groups and the isopropyl to isopropyl, isopropyl to t-butyl, 

. and t-butyl to t-butyl C-C bonds comprise functional groups. The branched-chain-aikane 
groups in secondary amines are equivalent to those in branched-chain alkanes. 

The secondary amino ( NH ) functional group was solved using the procedure given in 
the Hydrogen Nitride ( NH) section. Using the results of Eqs. (13.245-13.316), the secondary 
15 amino parameters in Eq. (15.52) are ^ = 1, (^=0.75, C 2 = 0.93613 (Eqs. (13.248-13.249)), 

C ]o = 0.75, and c } = 0.75 . In secondary amines, the C2sp* HO of the C~ M/-bond MO has 
an energy of £(C 5 2^ 3 ) = -1 5.56407 eV (Eqs. (14.514-14.516)); Eq. (15.29) with s=l and 

$ = 2, Eq. (15.31), and Eqs. (15.19-15.20)) and the JV AO has an energy of 
E{N) = -14.53414 eV . To meet the equipotential condition of the union of the N- H H 2 - 

20 type-ellipsoidal-MO with the C2sp* HO, the hybridization factor c 2 of Eq. (15.52) for the 
N- -bond MO given by Eq. (15.68) is 

c-(H to 2°N) = v \, = — - — = 0.93383 (15.117) 

^ V ' E{casp*) -15.56407 

The C - N group is solved by hybridizing the 2s and 2p AOs of the C atom to form a single 

2sp* shell as an energy minimum, and the sharing of electrons between the C2sp 3 HO and the 
25 N AO to form a MO permits each participating orbital to decrease in radius and energy. In 
secondary amines, the C2sp* HO has a hybridization factor of 0.91771 (Eq. (13.430)) with a 

corresponding energy of £(c,2sp 3 ) = -14.63489 eV (Eq. (15.25)), and the N AO has an 
energy of e(n) = -14.53414 eV . To meet the equipotential condition of the union of the 
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C-N # 2 -type-ellipsoidal-MO with these orbitals, the hybridization factor c % of Eq. (15.52) 
for the C-N -bond MO given by Eq. (15.116) is c 2 (C2sp 3 HO toN) = 0.91 140. 

As given in the Continuous-Chain Alkanes (C n # 2/j+2 , n = 3,4,5...°o) section, each 
methylene group forms two single bonds, and the energy of each C2sp* HO of each CH 2 group 
5 alone is given by that in ethylene, -1.13379 eV (Eq. (14.51 1)). In secondary amines, the N of 
the NH group also binds to two C2sp 3 HOs and the corresponding E T [atom--atom 7 msp\Ao) 

of each C- JV-bond MO in Eq. (15.52) due to the charge donation from the Cand N atoms to 
the MO is -1.13379 eV . It is based on the energy match between the N of the NH group to 

the two C2sp* HOs corresponding to the energy contributions to each of the two single bonds 
10 that are equivalent to those of independent methylene groups, -1.13379 eV (Eq. (14.511)), 
where the N - H bond is also energy matched to the C - N bonds. E T [atom - atom, msp z AO} 

of the C-N -bond MO in Eq. (15.52) due to the charge donation from the Cand N atoms to 
the MO is -1.13379 eV . It is based on the energy match between the N of the NH group to 
two C2sp 3 HOs corresponding to the energy contributions to the single bond that are equivalent 

15 to those of methyl groups, -0.72457 eV (Eq. (14.151)), where the N-H bonds are also 
energy matched to the C - bond. 

The symbols of the functional groups of branched-chain secondary amines are given in 
Table 15.75. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 
energy (Eqs. (15.6-15.11) and (15.17-15.56)) parameters of secondary amines are given in 

20 Tables 15.76, 15.77, and 15.78, respectively. As in the case of NH 2 (Eq. (13.339)), C io = 2C, 

rather than C, =C, in Eq. (15.52) for the C-N bond. The total energy of each secondary 
amine given in Table 15.79 was calculated as the sum over the integer multiple of each E D (Gwn P ) 

of Table 15.78 corresponding to functional-group composition of the molecule. The bond angle 
parameters of secondary amines determined using Eqs. (15.79-15.108) are given in Table 15.80. 
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Table 15.75. The symbols of functional groups of secondary amines. 



[Functional Group 



NH group 
C-N (methyl) 
C-N (alkyl) 

CHa group 

CHj group 
CH 

CC bond (n-C) 
CC bond (iso-C) 
CC bond (tert-C) 
CC (iso to iso-C) 
CC(ttot-C) 
CC(t to iso-C) 



Group Symbol 



NH 
C-N (i) 
C-N (ii) 

c-h(ch s ) 
c-h(ch 2 ) 

C-H 
C-C (a) 
C-C (b) 
C-C (c) 
C-C (d) 
C-C (e) 
C-C(f) 
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TERTIARY AMINES (C w // 2rf+3 #, * = 3,4,5...~) 

The tertiary amines, C n H 2n ^N , have three C-N bonds to methyl or alkyl groups 
wherein C-N comprises a functional group. The alkyl portion of the tertiary amine may 
comprise at least two terminal methyl groups ( Cfl 3 ) at each end of the chain, and may comprise 
5 methylene (CH 2 ), and methylyne (CH) functional groups as well as C bound by carbon- 
carbon single bonds. The methyl and methylene functional groups are equivalent to those of 
straight-chain alkanes. Six types of C- C bonds can be identified. The n-alkane C- C bond 
is the same as that of straight-chain alkanes. In addition, the C - C bonds within isopropyl 
((C// 3 ) 2 CH) and t-butyl ((CH^C) groups and the isopropyl to isopropyl, isopropyl to t-butyl, 

10 and t-butyl to t-butyl C - C bonds comprise functional groups. The branched-chain-alkane 
groups in tertiary amines are equivalent to those in branched-chain alkanes. 

The C-N group is solved by hybridizing the 2 s and 2p AOs of the C atom to form a 

single 2$p 3 shell as an energy minimum, and the sharing of electrons between the C2sp HO 
and the N AO to form a MO permits each participating orbital to decrease in radius and energy. 

15 In tertiary amines, the C2sp 3 HO has a hybridization factor of 0.91771 (Eq. (13.430)) with a 
corresponding energy of E(c,2sp 3 ) = -14.63489 eV (Eq. (15.25)), and the N AO has an 
energy of e[n) = -14.53414 eV . To meet the equipotential condition of the union of the 
C-N H 2 -type-ellipsoidal-MO with these orbitals, the hybridization factor c 2 of Eq. (15.52) 
for the C -JV -bond MO given by Eq. (15.116) is c 2 (C2sp*HO to N) = 0.91140. 

20 As given in the Continuous-Chain Alkanes (C n H 2n+2 , /i = 3,4,5...«) section, the energy 

of each C2sp 3 HO must be a linear combination of that of the CH Z and CH 2 groups that serve 
as basis elements. Each CH Z forms one C - C bond, and each CH 2 group forms two. Thus, 
the energy of each C2sp 3 HO of each C// 3 and CH 7 group alone is given by that in ethane, 
-0.72457 eV (Eq. (14.151)), and ethylene, -1.13379 eV (Eq. (14.511)), respectively. In order 

25 to match the energy of the component HOs and MOs for the entire molecule, the energy 

E (C- C,2sp 2 ) given as a linear combination of these basis elements is -0.92918 eV (Eq. 
(14.513)). In tertiary amines, the N binds to three C2sp z HOs and the corresponding 
E T [atom- atom,msp\AO) of each C-N -bond MO in Eq. (15.52) due to the charge donation 



WO 2007/051078 



597 



PCTYUS2006/042692 



from the Cand N atoms to the MO is -0.92918 eV . It comprises a linear combination of the 
energy for a primary amine, -0.72457 eV and a secondary amine, -1.13379 eV . 

The symbols of the functional groups of branched-chain tertiary amines are given in 
Table 15.81. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 
5 energy (Eqs. (15.6-15.1 1) and (15.17-15.56)) parameters of tertiary amines are given in Tables 
15.82, 15.83, and 15.84, respectively. The total energy of each tertiary amine given in Table 
15.85 was calculated as the sum over the integer multiple of each E 0 [cmu P ) of Table 15.84 

corresponding to functional-group composition of the molecule. The bond angle parameters of 
tertiary amines determined using Eqs. (15.79-15.108) are given in Table 15.86. 
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ALDEHYDES (C H 2n O, n = 1,2,3,4,5...~) 

The alkyl aldehydes, C n H 2 0, each have a//C = 0 moiety that comprises aC = 0 
functional group and a CH functional group. The single bond of carbon to the carbonyl carbon 
atom, C-C(0)H, is a functional group. In addition to the C = 0 functional group, 

5 formaldehyde comprises a CH 2 functional group. The alkyl portion of the alkyl aldehyde may 
comprise at least two terminal methyl groups (CH Z ) at each end of the chain, and may comprise 
methylene (CH 2 ), and methylyne (CH) functional groups as well as C bound by carbon- 
carbon single bonds. The methyl and methylene functional groups are equivalent to those of 
straight-chain alkanes. Six types of C - C bonds can be identified. The n-alkane C - C bond 

10 is the same as that of straight-chain alkanes. In addition, the C-C bonds within isopropyl 
((CH^CH) and t-butyl ((C// 3 ) 3 C) groups and the isopropyl to isopropyl, isopropyl to t-butyl, 

and t-butyl to t-butyl C-C bonds comprise functional groups. The branched-chain-alkane 
groups in aldehydes are equivalent to those in branched-chain alkanes. 

The CH functional group was solved in the Hydrogen Carbide (CH) section except that 
15 £ is not subtracted since impaired electrons are not created with fragmentation of the CH 

mag ■ 

functional group of aldehydes. The CH 2 functional group of formaldehyde is solved in the 
Dihydrogen Carbide (CH 2 ) section except that the energy of each C-H MO is matched to the 
initial energy of the Clsp" HO (Eq. (15.25)). The C = 0 and C-C(0)H groups are solved 
by hybridizing the 2s and 2p AOs of each C atom to form a single 2sp* shell as an energy 

20 minimum, and the sharing of electrons between the C2sp 3 HO and the O AO or between two 
C2sp* HOs, respectively, to form a MO permits each participating orbital to decrease in radius 
and energy. In alkyl aldehydes, the C2sp 3 HO has a hybridization factor of 0.91771 (Eq. 
(13.430)) with a corresponding energy of £(c,2sp 3 ) = -14.63489 eV (Eq. (15.25)) and the O 
AO has an energy of e(o) = -13.61806 eV . To meet the equipotential condition of the union 

25 of the C = O H 2 -type-ellipsoidal-MO with these orbitals, the hybridization factor c 2 of Eq. 
(15.52) forthe C = O-bond MO given by Eq. (15.1 14) is c 2 (C2sp 3 HO to 0) = 0.85395 . The 
unpaired electrons created by bond breakage of the double C—O bond requires that two times 



WO 2007/051078 



PCT/US2006/042692 



603 



the 02 p AO magnetic energy E mgg (Eq. (15.60)) be subtracted from the total energy to give 
E D [Gmup) (eV) for C = 0. 



donation from the C and O atoms to the MO is -2.69893 eV which is an energy minimum for 
5 the double bond between the pair of C2sp z HO electrons of the C atom and the pair of AO 
electrons of the O atom. It is given as a linear combination of the energy contributions 
corresponding to a double bond, -1.13379 eV (Eq. (14.247)), and a triple bond, -1.56513 eV 
(Eq. (14.342)). The triple bond contribution includes the C2sp l HO electron of the C-H 
bond in addition to the pair involved directly in the double bond with O. 



-1.85836 eV , where both energy contributions are given by Eq. (14.513). It is based on the 
energy match between the C2sp 3 HOs of the aldehyde. In order to match energy between the 
groups bonded to fee C = O , electron-density is shared. Due to the interaction in the transition 
state between the groups based on the sharing, C lo = 2C, rather than C lo = C, in Eq. (15.52) for 

15 the C - C(0)H bond. 

The symbols of the functional groups of alkyl aldehydes are given in Table 15.87. The 
geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. 
(15.6-15.1 1) and (15.17-15.56)) parameters of alkyl aldehydes are given in Tables 15.88, 15.89, 
and 15.90, respectively. The total energy of each alkyl aldehyde given in Table 15.91 was 

20 calculated as the sum over the integer multiple of each E D (anw P ) of Table 15.90 corresponding to 

functional-group composition of the molecule. The bond angle parameters of alkyl aldehydes 
determined using Eqs. (15.79-15.108) are given in Table 15.92. 





group is equivalent to that of an alkane, 



